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1 
INTRODUCTION 
For many years, the roles of P in plant nutrition and soil fertility 
have been studied extensively by soil scientists; as a result, considerable 
knowledge has been obtained regarding the chemical reactions of P in sur­
face soils and the availability of the phosphate compounds to plants. 
There is, however, relatively little information available concerning sub­
soil P, particularly with reference to its distribution within a profile 
and its availability to plants. This is due in part because of the diffi­
culty of collecting sufficient quantities of subsoil horizons for green­
house studies and because few field plot studies have included subsoil P 
levels as a variable. 
Subsoils have long been recognized for their storage capacity for 
water during periods of drought. Since plants can utilize water from this 
segment of the soil profile, subsoil nutrients should likewise be of impor­
tance if present in plant available form. Thus, P in the subsoil could 
serve to augment the P supplied by the surface soil in normal conditions 
and possibly become a primary source of P in drought conditions when the 
ion uptake from the dry surface soil becomes minimal. Subsoil P would also 
be of primary importance in Instances where the normal surface soil has 
been lost by erosion and the subsoil is exposed to cropping. 
Early work by Pearson, Spry, and Pierre (1940) and Stelly and Pierre 
(1943) showed that the Truog (1930) extractant removed large amounts of 
acid-extractable P from some Iowa subsoils derived from loess parent mate­
rial. The extractant used in the Truog method, however, removed larger 
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amounts of P than was available to plants. These workers also noted that 
till-derived soils have very little extractable P in the subsoil. 
Research workers in soil genesis have also studied subsoil P distribu­
tions as a key in understanding some pedogenic processes in Iowa soils 
(Godfrey and Riecken, 1954, 1957; Mausbach, 1969; Runge, 1963). They found 
large differences in the forms of P in the loess subsoils in Iowa, which 
they reported to be caused by differences in weathering. The type of P 
compound was also found to change with depth from the surface soil to the C 
horizon. Unpublished work by L. C. Dumenil (Iowa Corn Yield Study, Depart­
ment of Agronony, Iowa State University, Ames, Iowa) showed that with some 
soil series there exists a wide range in the levels of chemically-extract-
able P among similar horizons of the same series and of closely related 
series. 
This study will be confined mostly to the soils developed on the large 
loess system covering southwest Iowa and extending into south-central Iowa. 
The soils of this system range from relatively unweathered, highly calcare­
ous soils in western Iowa where Ca-phosphates predominate to the highly 
weathered, strongly acid soils in south-central Iowa where Fe- and Al-phos-
phates predominate (Godfrey and Riecken, 1954). 
The primary objectives of the study were as follows: 
1) To determine the chemical solubility of the P in the subsoil hori­
zons of various soil series derived from loess as well as the 
variability that exists in different profiles of the same soil 
series, particularly the Marshall series. 
2) To determine the relationship between the extractabie e in differ­
ent soil horizons by three well-known chemical methods and various 
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selected Indices of plant-available P, as determined by growth of 
corn and alfalfa in the greenhouse. 
3) To determine the effect of the pH of soil horizons from the vari­
ous profiles on the relationships between extractable P by these 
different methods and the plant-available P. 
4) To determine the relative uptake of subsoil P by corn and alfalfa 
and the influence of pH and extractable P levels on the uptake. 
4 
REVIEW OF LITERATURE 
History of Soil Area 
The large loess system in southwest Iowa from which most of the soil 
profiles were selected extends from the Missouri river flood plain across 
southwest Iowa and into south-central Iowa. Through the use of radiocarbon 
dating, Ruhe (1969) determined that the deposition of the loess occurred 
between about 24,750 to 16,875 years before present, depending upon the 
distance from the Missouri River source area. 
Ihe pattern of deposition of the Wisconsin loess varies throughout the 
system, with different topographical characteristics occurring at different 
locations (Kay and Graham, 1943). The thickness of the loess mantle was 
greatest near the source area where large local accumulation of loess 
occurred, changing the topography to such an extent that the soil surface 
became independent of the underlying Kansan surface. The thickness of the 
loess mantel decreased as the distance from the loess source areas 
increased and the thinner loess covering assumed the topographical charac­
teristics of the underlying original surface. In south-central Iowa, the 
loess covering is presently found only on the divides and ridgetops since 
the loess that was deposited on the sideslopes has been lost through ero­
sion. 
Because the loess decreased in thickness as the distance from the 
source area increased, distinct differences developed among the soils 
formed on these loess surfaces. These different loess-derived soils are 
found in a pattern first described as a series of belts occurring roughly 
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parallel to the loess source area. The location of these soils is shown in 
the map of the soil association areas of Iowa by Oshwald et al. (1965). 
Additional soil profiles were selected from the Tama and Fayette soil 
series in east-central Iowa which were formed in loess parent material from 
a loess source area different from the large source area in southwest Iowa. 
The main soil in the two areas, the Tama and Marshall series, are quite 
similar except that the Tama series has a slightly higher content of 
organic matter and a greater amount of clay in the B horizon than the Mar­
shall series (Fenton, 1966). 
Influence of Weathering on P Minerals 
The soil series used in this study vary with the amount of weathering 
to which the loess parent material has been subjected. Those soils near 
the source area show little weathering, as indicated by the presence of 
free carbonates, while the soils in south-central Iowa that have been sub­
ject to more intensive weathering are devoid of the carbonates originally 
found in the parent material and are presently strongly acid. Because of 
the differences in the stage of weathering in the soils used in this study, 
the P minerals present in these soils vary both within a soil profile and 
among soil series. 
Research by Chang and Jackson (1958) dealing with transformations of 
phosphate minerals in soils as a function of weathering found the following 
relationship: the Ca-phosphates were least resistant to weathering; the 
Fe- and Âl-phosphates were intermediate, while the reduced and occluded 
phosphates v:ere meet reei^ tantr  ^f the parent material is highly 
calcareous and contains mostly apatite as the primary P mineral form. 
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weathering would first cause the formation of secondary Ca-phosphates. 
Hien as weathering continues and the pH is decreased, the Ca-phosphates 
would be changed successively to Al-phosphates, Fe-phosphates, and finally 
to reduced and occluded phosphates. 
Stelly and Pierre (1943) attempted to identify the predominant P min­
erals present in the C horizons of selected Iowa soil profiles derived from 
loess. They compared the solubility curves of known P minerals believed to 
occur in soils with the solubility curves of the P compounds found in these 
subsoils. Apatite was found to have very high solubility under acid condi­
tions but greatly reduced solubility at pH values near neutrality, becoming 
nearly insoluble at pH values between pH 7 and 8. The solubility curve for 
Al-phosphates showed that the greatest solubility occurred at pH values 
greater than pH 7.5. The minimum solubility of these phosphates occurred 
between about pH 7.0 and pH 5.0. The two forms of Fe-phosphates tested, 
vivianite and dufrenite, showed different solubilities; the vivianite 
showed increases in solubility at pH values below 6.0, while dufrenite 
showed increases in solubility only at pH values below pH 3.0. Both phos­
phate minerals were found to increase in solubility at pH values above 
about 7.0. 
When these solubility curves of the known phosphate minerals were com­
pared to the solubilities of the P compounds found in the C horizons of 
selected Iowa soils, Stelly and Pierre found that the Tama and Marshall 
subsoils contained more than one form of phosphate mineral, as large 
amounts of soil P were solubilized by both the very acid and alkaline 
extraction solutions. They proposed that vivianite and Ca-phosphates were 
probably the two dominant forms of P in these subsoils since the solubility 
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of the soil P was similar to the solubility of a mixture of vivianite and 
Ca-phosphate. 
The more highly weathered Weller and Fayette profiles had P solubility 
curves considerably different from those of the other soils. Both subsoils 
had large amounts of P soluble at pH values below pH 5.8 and above 7.0. 
Stelly and Pierre (1943) suggested that vivianite was the dominant mineral 
present in the Weller subsoil and that vivianite augmented by other uniden­
tified P minerals occurred in the Fayette subsoil. 
Godfrey and Riecken (1954, 1957) studied several genetically related 
profiles in the southwest Iowa loess system and found different forms of P 
in the A, B, and C horizons of these soils. Using the techniques of Stelly 
and Pierre, they extracted the P from the soil samples with varying concen­
trations of acids and bases to estimate the Ca-, Fe-, and Al-phosphates in 
the soil profiles. They found that the amounts of P extracted by the acid 
extractants decreased from the surface soils to a minimum in the B horizons 
and then increased to a maximum in the C horizons. The amounts of P 
extracted by the alkaline extractants also decreased from the surface to a 
minimum in the B horizon, but the amounts were much larger than those 
extracted by the acid extractants. In the C horizons, the acid extractants 
solubilized the maximum amounts of P and generally more than the amounts 
extracted with the alkaline extractants. They concluded that the A and B 
horizons contained mainly Fe- and Al-phosphates with small amounts of Ca-
phosphates. In contrast, the C or less weathered horizons contained mostly 
the Ca-phosphates, with lesser amounts of Fe- and Al-phosphates. As 
expected, the surface horizons had much greater weathering than the deeper 
subsoils, as indicated by the small amount of Ca-phosphates. 
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Allaway and Rhoades (1951) studied the P solubility in several 
Nebraska soil profiles using NH^ F extracting solutions buffered at either 
pH 3.0 or pH 9.0. They found that more P was extracted with the pH 9.0 
than with the pH 3.0 extractant in profiles that were highly leached, indi­
cating the presence of Fe- and Al-phosphates. In the profiles that were 
not highly leached, more P was extracted with the pH 3.0 than with the pH 
9.0 extractant, indicating a predominance of Ca-phosphates in those soil 
profiles. They also noted higher amounts of Fe- and Al-phosphates relative 
to the amounts of Ca-phosphates in those horizons nearer the soil surface. 
As the soil depth increased, the ratio of Fe- and Al-phosphates to Ca-phos­
phates became progressively smaller. 
More recently, Chang and Jackson (1957) developed a semi-quantitative 
method for determining the P fractions in the soil. In their fractionation 
procedure, the extractants and the fractions extracted are: NH^ Cl—water-
soluble P, NH^ F—Al-phosphates, NaOH—Fe-phosphates, and RgSO^ '-Ca-phos-
phates. Occluded, reduced, and residual phosphates can also be extracted 
using additional extracting solutions, but these are not considered to be 
plant-available forms of P. 
Mausbach (1969), using the Chang and Jackson fractionation procedure, 
found that the C horizons of the Marshall, Monona, and Dow series in Iowa 
contained large amounts of Ca-phosphates and low amounts of Fe- and Al-
phosphates. In the horizons close to the soil surface, which were slightly 
more weathered and had a lower pH, the amounts of Ca-phosphate decreased 
and the amounts of Fe- and Al-phosphates increased in the Marshall and 
Monona series. The levels of Ca-phosphates in the surface horizons were 
fairly low compared to those in the subsoils except in the Dow series which 
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is highly calcareous even at the soil surface and, as expected, contained 
high levels of Ca-phosphates. In all cases, large amounts of "residual P" 
were found in the upper layers, which, according to Chang and Jackson, is 
mainly in the form of organic P. 
In the more highly-weathered Tama and Fayette profiles, Mausbach found 
large amounts of Fe- and Al-phosphates throughout the profile. %e Fayette 
series had the highest levels of these P fractions. Both soils had low 
amounts of Ca-phosphates in the upper horizons; however, the Ca-phosphates 
increased near the 30-inch depth in both soils. 
The highly-weathered, strongly-acid forested Weller profile in south­
east Iowa contained very high amounts of Fe- and Al-phosphates throughout 
the profile; the levels of Fe-phosphates were higher than those of Al-phos­
phates. The Ca-phosphates were present in small amounts and only at the 
deeper depths (Mausbach, 1969). 
The differential effects that prairie and forest vegetations have on 
the genesis and development of soil profiles have long been recognized. In 
each of the biosequences studied, Mausbach found that the levels of Ca-
phosphates decreased and the Fe- and Al-phosphates increased progressively 
from the prairie soils to the transitional soils and to the forested soils. 
The increase in Fe- and Al-phosphates was associated with decreasing pH 
from the prairie to the forest soils and supports the results of Hsu and 
Jackson (1960) who found that the Fe- and Al-phosphates are stable at pH 
values lower than the pH values at which Ca-phosphates are stable. The 
lower pH of the forest soils indicates a more rapid weathering of the loess 
parent material than that under a prairie vegetation. 
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Distribution of Chemically-Extractable P 
within Soil Profiles 
As soils weather, the P minerals change in form and distribution. 
Pearson, Spry, and Pierre (1940) studied the vertical distribution of total 
and acid-soluble P in twelve Iowa soil profiles and found that the subsoils 
of loess-derived soils contained more total and acid-soluble P than those 
of till-derived soils. The loess soils were characterized by having a min­
imum level of extractable P occurring usually in the lower A or upper B 
horizons at 10-24 inches in depth. maximum amount of extractable P was 
found in the C horizon. Godfrey and Riecken (1954, 1957) also found a sim­
ilar distribution of both acid- and alkaline-soluble P in the southwest 
Iowa profiles with minimum levels occurring in the upper B horizons and 
levels then increasing in the C horizon. 
Mausbach (1969) also found that in several loess soils in Iowa the 
amounts of Bray-extractable P (Bray and Kurtz, 1945) decreased from the 
surface to the upper B horizons and then increased to a maximum level in 
the C horizons. 
Recently, much information has become available on the distribution 
and levels of extractable P by the Bray method in a large number of Iowa 
soils. Unpublished data by Dr. Lloyd Dumenil (Iowa Corn Yield Study, 
Department of Agronomy, Iowa State University, Ames, Iowa) collected from 
several hundred sites in southwest Iowa showed relatively high levels of 
Bray-extractable P in the surface, lower P levels in the Ag-B^  horizons 
(6-24 inches), and increasing levels that reach a maximum in the B^ -C^  hor­
izon: . This general distribution except where free carbonates were 
encountered; then the Bray-P levels dropped to near zero. Dumenil's work 
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also showed that a range in Bray-P levels existed for soil horizons of sim­
ilar depth and genetic classification. Additionally, the data showed that 
these variations existed for all soil series used in this study. 
Unpublished data obtained from Dr. Tom Fenton (Iowa State Soil Survey 
Investigations, Department of Agronony, Iowa State University, Ames, Iowa) 
show similar variations in P distribution both within soil profiles and 
between soil profiles of the same series as was found by Dumenil. 
In conclusion, large variations are known to exist in the vertical 
distribution of chemically-extractable P in loess derived soils. Moreover, 
differences exist between P levels in similar horizons of the same series. 
Relationships between Types of P Compounds, 
the Extractable P by Diffèrent Soil Testing 
Methods, and Plant-Available P 
The relationships between P solubilized by different chemical soil 
tests and the forms of soil phosphorus extracted by the Chang and Jackson 
fractionation procedure have been studied by various researchers in recent 
years. 
Chang and Juo (1963) theorized that the P extracted by chemical soil 
tests probably comes from all forms of inorganic P in different proportions 
but mainly from Ca-, Fe-, and Al-phosphates. They correlated the P frac­
tions in the soil with the Olsen-extractable P (Olsen et al., 1954) and 
found that the highest correlation values were obtained with the Al-phos-
phates and the lowest with the Ca-phosphates. Conversely, the Ca-phos-
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phates were the most highly correlated with the acid-extractable P obtained 
1 by the Truog (1930) and the North Carolina methods. 
Chai and Caldwell (1959) found that the Al- and Fe-phosphates were 
correlated with the P extracted by the Olson and Bray methods, but Ca-phos-
phate was not significantly correlated with either one. 
Al-Abbas and Barber (1964) found that the water-soluble, Fe-, A1-, 
total, and saturation-extract phosphates were highly correlated with total 
P uptake by millet as the test crop. However, Ca-phosphates and organic P 
were not significantly correlated with total P uptake. 
Susuki et al. (1963), using barley as a test crop, found that when the 
P fractions of the soil were correlated with plant uptake, Al-phosphate was 
the form that served as the main source of P for the plant. They also 
found that the P amounts extracted by the Bray, Olsen, and Resin methods 
were significantly correlated with the Al-phosphates in the surface soils 
and highly correlated with P uptake by barley. Moreover, the Fe-phosphates, 
organic phosphates, and in most cases the Ca-phosphates were not correlated 
with total P uptake or with the chemical soil tests. 
Pratt and Garber (1964) found that increased clay in a soil caused a 
decrease in extractable P by either the Bray or Olsen method. They pro­
posed that this reduction was somehow due to the depletion of the extract­
ing reagent. They also found that of the P fractions in the soil, the Al-
phosphate fraction was the mostly highly correlated with both the Bray and 
M^ethod used in the state soil-testing laboratory of North Carolina 
fO.OSN HCl + .025N H.SO,). i. <+ 
13 
Olsen methods. Moreover, the P extracted by the Bray and Olsen methods was 
not correlated with the Ca-phosphate fraction. 
Payne and Hanna (1965) found that the Bray-extractable P was most 
highly correlated with the Al-phosphate fraction of the soil for all soils 
used. The total P uptake by millet was also most highly correlated with 
the Al-phosphates although the addition of the Fe-phosphate value improved 
the correlation slightly, indicating that the Fe-phosphates did have some 
availability to millet. 
Smith (1965), working with wheat, found that the P fractions utilized 
by the wheat plant were the water-soluble and the Al-phosphates. The Fe-
and Ca-phosphate concentrations were not reduced by cropping, and these 
were assumed not to be available to wheat. 
Westin and Bunting (1966), using Chernozem and Chestnut soils in South 
Dakota, found that the Ca-phosphates by the Chang and Jackson (1957) pro­
cedure were negatively correlated with the Bray and Olsen methods. The 
higher the extractable P levels, the lower were the amounts of Ca-phosphates 
present in the soil. 
Tripathi et al. (1970) found that the Al-phosphate fraction was the 
dominant fraction in the correlations between the soil P fractions and 
extractable P by both the Bray and Olsen methods. The Ca-phosphates were 
not correlated with either the Bray or the Olsen method. 
Mausbach (1969), using the Dow, Monona, Marshall, Putnam, and Haig 
series, found that the Bray-extractable P was highly correlated with the 
water-soluble, A1-, Fe-, and reduced phosphates but found no correlation 
between Bray-extractable P and the Ca-phosphates. Also, the Ca-phosphates 
were negatively correlated with water-soluble, A1-, and Fe-phosphates. 
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Bishop and Barber (1959) found that plant growth on acid surface soils 
was highly correlated with the P extracted by either the acid or alkaline 
extracting solution. Since the soils were acid, the aluminum phosphate 
fraction probably was the dominant form of P in these soils. 
Although no data were found showing the differential uptake of P com­
pounds by grass and legume crops on similar soils, the abilities of the two 
types of crops to remove P from the different soil P fractions may vary 
considerably. Caldwell et al. (1954), using wheat and red clover as test 
crops, found that the percentage P uptake from the fertilizer source was 
five times greater for wheat than for red clover. The surface soils ranged 
from near neutral to highly alkaline, and the red clover was able to remove 
considerably more P from these soils than was wheat. The A values for 
wheat and red clover also showed the greater availability of soil phospho­
rus to red clover than to wheat. 
In conclusion, it appears that Al-phosphate is the dominant form of 
phosphorus that is removed by the plant during cropping, but small amounts 
of Fe- and Ca-phosphates are removed as well. Most of the research 
reported used grass as the test crop; the relationships might have been 
different if a legume had been used instead. Both the Bray and the Olsen 
methods extracted the same forms of P, mainly Al-phosphates; however, there 
are differences in the abilities of the two methods to extract Ca-phos-
phates, as will be indicated in the following section. 
Estimation of Plant-Available P with 
Various P Extraction Methods 
Over the years, researchers have developed a number of methods for 
estimating the amount of P in the soil that is available to plants. These 
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methods have involved the use of strong to weak extractants, ranging from 
alkaline to acid in reaction. Since a large number of methods have been 
employed by researchers throughout the world, obviously no one chemical 
method has accurately described the levels of available P for all crops and 
for all soil conditions. 
Some of the research with the Olsen, Bray, and Resin methods for esti­
mating the plant available P will be reviewed. Each method extracts P in 
a different manner. 
According to Olsen et al. (1954), the 0.5M NàHCO^ extractant solu-
bilizes the soil P in two ways: (1) the solubility of the calcium phos­
phates increases with the addition of sodium bicarbonate due to the 
decrease in the Ca activity and (2) the HCO^-, and OH- ions replace the P 
absorbed on the surface of the soil particles. Moreover, the solubility of 
the Fe- and Al-phosphates increases as the pH increases above 7 so that at 
pH 8.5 the solubilities of Fe- and Al-phosphates are quite high (Lindsey 
and Moreno, 1960). 
The Bray method (Bray and Kurtz, 1945), using a weakly acid extrac­
tant, presumably solubilizes P in the soil in two ways; (1) the acid 
extractant (pH 3.0) solubilizes largely acid-soluble Ca-phosphates and some 
Al- and Fe-phosphates that become soluble at low pH values, and (2) the 
addition of the NH^F ions complexes the Fe and Al in the soil solution. 
The Resin method, as outlined by Sanchez (1955), extracts P from the 
soil by absorbing the P ions from solution on the resin exchange sites and 
then continues to absorb more P as the solid phase soil phosphates dis­
solve . 
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Investigators have found that these three methods solubilize different 
amounts of soil P. Eik et al. (1961) found that, except for soils .that 
were hig&ly calcareous, varying amounts of P were extracted by the differ­
ent methods. The Olsen method extracted the lowest amounts of P, the Resin 
method extracted slightly higher amounts of extractable P, and the Bray 
method extracted the largest amounts of P. Olson and Rhodes (1953) found 
that the Bray method was able to extract twice as much P as the Olsen 
method. 
Although the three methods extract different levels of soil P, the 
importance of a soil test; is its ability to extract a representative por­
tion of the P available to the plant which then can be used to predict the 
availability of soil P to <:he plant under varied soil conditions. 
Smith et al. (1957), studying the effect of monocalcium phosphate 
applied to wheat on calcareous soils of Kansas, found that plant yield 
response was less well correlated with Bray-extractable P than with Olsen-
extractable P. Blanchar and Caldwell (1964) obtained similar results on 
calcareous soils in Minnesota; the yield of oats was highly correlated with 
the Olsen-extractable P but was not correlated with the Bray test values. 
Halstead et al. (1956) also found that the Olsen method was a better 
index of plant-available P for barley than the Bray method on the slightly 
acid to alkaline soils in Ontario. 
Olson and Rhodes (1953), using oats as a test crop to compare the A 
values and chemically-extractable P on 37 Nebraska soils, found that the 
correlations of A values with the Bray- and the Olsen-soluble P were not 
appreciably different, either on acid or on calcareous soils. 
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Zubriski et al. (1953), working primarily with alkaline soils of North 
Dakota, found that the A values were more highly correlated with the P 
extracted by the Olsen method than the P extracted by either the Bray no. 1 
(Bray and Kurtz, 1945) or Bray no. 2 method. Hie correlation values for 
comparisons of P uptake and chemically-extractable P were non-significant; 
however, that with the Olsen P was almost significant at the 5% level. 
Tamhane (1962) found that the yield of wheat on soils of pH greater 
than 6.0 was more highly correlated with the Olsen than the Bray extract-
able P; on soils of pH less than 6.0, the relative correlations with the 
two methods were reversed. 
Welch et al. (1957) found no significant differences in the correla^ 
tions between the growth of ladino clover and the amounts of P extracted by 
the Bray, Olsen, and North Carolina methods on slightly acid to neutral 
soils. Although most research indicates that the Olsen extraction proce­
dure is better correlated with yields than other methods when used on cal­
careous soils, where calcium phosphates are presumably present, exceptions 
have been reported. 
Smith et al. (1957) working with calcareous Kansan soils found that 
the highest correlation value for the comparisons of P uptake and chemi­
cally-extractable P was obtained by using the Bray extractant with a 50:1 
extractant-to-soil ratio. The Olsen method had a slightly lower correla­
tion value, while the Bray method, using a 7:1 extractant;soil ratio, was 
ineffective for predicting plant available P. The authors proposed that 
the effectiveness of the Bray extractant at the 7:1 extractant:soil ratio 
was diminished because the acid extractant was neutralized by the free car­
bonates present in many of the soils used. 
Most studies of the correlations between plant response to P and the P 
extracted by chemical methods have been on surface soils; very few 
researchers have related plant responses and extractable P in the subsoils. 
Murdock and Engelbert (1957), using corn as the test crop, studied the 
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availability of subsoil P i^ situ on four soils using P in the form of 
KHgPO^. A solution of tagged KHgPO^ was injected into the soil at six-inch 
increments to a 30" depth. 
They found that the greatest amounts of P taken up were from the 0-6 
inch and 6-12 inch horizons. Uie amount of P obtained from the deeper 
horizons, however, was a significant percentage of the P taken up by the 
plant. Their results indicate that if the P compounds in the subsoils are 
in a form available to the plant, utilization of these phosphates will 
occur. 
Stelly (1942) found that the growth of alfalfa in the greenhouse on 
the C horizon of a Marshall profile was related to the P extracted by the 
very acid Truog extractant while the growth of grass crops was not corre­
lated with the P extracted by the Truog extractant, indicating that alfalfa 
may have the ability to utilize Ca-phosphates or apatite-like compounds 
while the grass crops do not. Both grasses and legumes were able to uti­
lize the P in the subsoils of the forested Fayette and Weller series. 
Since pH values of these subsoils were lower than those in the Marshall 
soil, most of the P was in the form of Fe- and Âl-phosphates. 
Dennis and Chesnin (1953) compared the availability of P in the A, B, 
and C horizons of four Nebraska soils to alfalfa in a greenhouse experi­
ment. They found that the P in the tops and the combined tops and roots u£ 
alfalfa grown on the subsoil horizons, ranging from pH 5.8 to 8.1, was very 
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poorly correlated with the P extracted by either the NH^F extracting solu­
tion buffered to pH 3.0 or the extracting solution buffered to pH 9.0. In 
the surface soils, however, the P in the alfalfa was correlated with the P 
extracted by the pH 9.0 extracting solution but not with the P extracted by 
the pH 3.0 extractant. The pH 3.0 extraction solution is similar to the 
currently used Bray method, and the pH 9.0 extracting solution is similar 
to the Olsen method. 
In brief, similar correlation values were often obtained between the 
Bray and Olsen extractants for acid surface soils using grasses as test 
crops. However, when the surface soils were alkaline, the Olsen extractant 
was often superior to the other extractants for predicting the soil P 
available to grasses. Varied results were obtained using legumes (alfalfa) 
as the test crop. 
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PLANS AND PROCEDURES 
Soils 
The soil profiles sampled for this study were selected from the Ida, 
Monona, Marshall, and Sharpsburg soil series located in southwest Iowa and 
from the Kniffin, Rathbun, Weller, Tama, and Fayette series located in 
southern and east-central Iowa. Most of the sites were selected on the 
basis of studies by previous workers who had found considerable variations 
in the dilute-acid soluble P of the subsoils, as determined by the Bray 
method (Bray and Kurtz, 1945). These soils were purposely selected to 
cover a wide range in both pH and extractable P levels in order to study 
the P availability of subsoils over as wide a range of pH—P conditions as 
possible. The location of the soil profiles used in the experiment are 
given in Table 1 and Figure 1. 
Soil profiles were collected from 23 s i tes .  Each profile was sampled 
to a depth of 48 inches by means of a truck-mounted, hydraulic probe and a 
soil tube three inches in diameter. The tube was hydraulically forced into 
the ground to the 48-inch depth and then removed. The undisturbed soil 
core was then extracted from the soil tube and the core subdivided into 6 
inch layers that were placed in large polyethylene bags. Twelve to fifteen 
cores were taken to form the bulk sample for each layer, and all cores were 
taken from a small area, less than three feet in diameter. The soil sam­
ples were passed through a one-fourth inch screen, mixed thoroughly, and 
returned to the polyethylene bags until used in the greenhouse experiments. 
Small eubeamnlAe were taken at the time of mixing to determine moisture 
percentages of the soils and for use in the laboratory chemical analyses. 
Table 1. Soil type and location of soils used in subsoil P study 
Profile 
no. Soil type 
Date 
collected Crop Previous study 
Legal description 
of site location 
10 Sharpsburg silt 
loam 
11 Marshall silty 
clay loam 
12 Marshall silty 
clay loam 
10/26/69 Corn Dumenil-Cass 33 
10/26/69 Alfalfa Dumenil-Cass 16 
10/26/69 Corn 
13 Kniffin silt loam 11/8/69 Pasture 
Voss-Cass 42A 
Soil Survey type 
location 
14 Rathbun silt loam 11/7/69 Hardwood Soil Survey type 
Forest location 
614'E, 782'N of SW corner 
of NW % of sec. 26, T75N, 
R35W in Cass County, Iowa. 
766'N, 235'W of SE corner 
of SW ^ of sec. 1, T76N, 
R36W in Cass County, Iowa. 
1740'W, 180'N of SE corner 
of SE 4 of sec. 26, T74N, 
R36W in Cass County, Iowa. 
2588'N, 45'E of SE corner 
of SW 4 of sec. 35, T68N, 
R19W, Appanoose County, 
Iowa 
200'S, 850'N of NE corner 
of NW % of sec. 21, T67Ni 
R18W, Appanoose County, 
Iowa. 
Most of the sites selected for this study had been established by other research workers in 
previous experiments. To allow reference to these originally established sites, the experiment or 
source of Information is Included. The original sites are designated according to either the site 
number from the Iowa Corn Yield Study conducted by Dr. Lloyd Dumenil, the Soil Survey type location 
for thcit series, or according to the Ph.D. theses of either Ronald Voss or Mathias Stelly. Where the 
site iîi a newly established location, the word "None" is used. 
Table 1. (Continued) 
Profile Date 
no. Soil type collected Crop 
15 Monona silt loam 10/25/69 Corn 
16 Monona silt loam 10/25/69 Corn 
17 Marshall silt loam 10/25/69 Corn 
18 Weller silt loam 11/7/69 Pasture 
recently 
cleared 
from 
Hardwood 
Forest 
20 Marshall silt loam 5/5/70 Soybeans 
21 Fayette silt loam 4/12/70 Hardwood 
Forest 
Previous study 
Legal description 
of site location 
Dumenil-Crawford 
46 
Dumenil-Woodbury 
45 
154'W, 374'N of SE corner 
of NE % of sec. 11, T82N, 
R41W in Crawford County, 
Iowa. 
150'N, 448'E of SW corner 
of SE \ of sec. 8, T84N, 
R40W in Woodbury County, 
Iowa. 
Dumenil-Crawford 
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Soil Survey type 
location 
255'W, 942'S of NE corner 
of SE \ of sec. 8, T84N, 
R40W, Crawford County, 
Iowa. 
400'S, 100'W of NE corner 
of NW % of sec. 9, T72N, 
R20W, Lucas County, Iowa. 
Stelley slte-1942 133'E, 128'S of NW corner 
of SW % of NW % of sec, 7, 
T83N, R36W, Carroll 
County, Iowa. 
None 800'W, 290'S of NE corner 
of SW % of sec. 24, T83N, 
R16W, Tama County, Iowa. 
Table 1. (Continued) 
Profile Date 
no. Soil type collected Crop 
22 Tama silty clay 5/12/70 Soybeans 
loam 
23 Ida silt loam 5/6/70 Oats 
24 Marshall silt loam 5/8/70 Pasture 
25 Ida silt loam 5/5/70 Corn 
26 Monona silt loam 5/6/70 Pasture 
27 Marshall silt loam 5/6/70 Corn 
Previous s tudy 
Legal description 
of site location 
Stelley site-1942 
Dumenil-Crawford 
37 
Dumenil-Cass 42 
Variate of 
Dumenil-Woodbury 
50 
1000'E, 185'N of SW corner 
of SW k of sec. 28, T86N, 
R16N, Tama County, Iowa. 
1224'W, 169'S of NE corner 
of NW 4 of sec. 8, T83N, 
R39W, Crawford County, 
Iowa. 
1085'E, 100'N of SW corner 
of SE % of sec. 26, T74N, 
R36W, Cass County, Iowa. 
464'S, 997'W of NE corner 
of NE % of sec, 4, T87N, 
R42W, Woodbury County, 
Iowa. 
Dumenil-Woodbury 
47 
Dumenil-Crawford 
22 
925'S, 160*W of NE corner 
of SE ^ of sec. 2, T87N, 
R43W, Woodbury County, 
Iowa. 
100'W, 1078'N of SE corner 
of NE % of sec. 12, T84N, 
R38W, Crawford County, 
Iowa. 
Table 1. (Continued) 
Profile Date 
no. Soil type collected Crop 
28 Marshall silt loam 5/6/70 Oats 
29 Marshall silty 5/7/70 Soybeans 
clay loam 
30 Marshall silt loam 5/8/70 Soybeans 
31 Marshall silt loam 5/8/70 Corn 
32 Marshall silt loam 5/8/70 Corn 
33 Marshall silt loam 5/9/70 Corn 
34 . Marshall silt loam 5/9/70 Corn 
Previous study 
Legal description 
of site location 
Dumenil-Crawford 
59 
Soil Survey type 
location 
None 
Dumenil-Cass 25 
Dumenil-Cass 37 
None 
None 
130'E, 490'N of SW corner 
of SW M of sec. 14, T82N, 
R37W, Crawford County, 
Iowa. 
642'S, 719'E of NW corner 
of sec. 34, T77N, R37W, 
Cass County, Iowa. 
800'W, 125'N of SE corner 
of NW % of sec. 36, T77N, 
R29W, Cass County, Iowa. 
315'W, 100'S of NE corner 
of NE % of sec. 2, T75N, 
R37W, Cuss County, Iowa. 
923'W, 636'N of SE corner, 
of T74N, R37W, Cass 
County, Iowa. 
100'S, 100'W of NE corner 
of NW ^ of sec. 10, T77N, 
R36W, Cass County, Iowa. 
150'N, 100'W of SE corner 
of SW ^ of sec. 8, T77N, 
R3t)W, Cass County, Iowa. 
Table 1. (Continued) 
Profile Date Legal description 
no. Soil type collected Crop Previous study of site location 
35 Marshall silt loam 5/9/70 Corn 
36 Marshall silt loam 5/9/70 Soybeans 
37 Marshall silt loam 5/9/70 Pasture 
38 Fayette silt loam 7/2/70 Hardwood 
Forest 
None ISO'S, 100'W of NE corner 
of NE % of sec. 17, T77N, 
R36W, Cass County, Iowa. 
None 100'S, 100'W of NE corner 
of NE % of sec. 21, R77N, 
R36W, Cass County, Iowa. 
None lOO'S; 150'M of NE corner 
of NE \ of sec. 16, T77N, 
R36W, Cass County, Iowa. 
None 290'S, 1000'W of NE corner 
of SW \ of sec. 2, T83N, 
R16W, Tama County, Iowa. 
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Figure 1. Locations for profiles used in study 
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The soils for the laboratory chemical analyses were passed through a 16-
mesh screen and stored at a temperature of 4°C in plastic-lined soil sample 
bags until analyzed. 1.47 horizons from 21 profiles plus seven surface 
horizons from.other sites were used in the study. 
After collection, the soil profiles were described in the standard 
manner and classified into soil series. These descriptions are given in 
the Appendix, Table A-1. 
Greenhouse Experiments 
Four greenhouse experiments were conducted. Corn (Zea Mays) was used 
as the test crop in all experiments, and alfalfa (Medicago Sativa) was also 
included in the last two. Two basic treatments were used in all experi­
ments: (1) the no-phosphorus (-P) treatment, used to determine the amount 
of native subsoil phosphorus that was available to the crop grown and (2) a 
high-P treatment (+P) that was estimated to provide adequate P for maximum 
plant growth. Each treatment was replicated four or five times, depending 
on the individual experiments. The exact number of replicates and the 
total amount of all nutrients added per pot are shown in Table 2. 
In all experiments, the potting container was a Dow-Pac 32 oz cup, 
5 3/4 inches high, and with a bottom diameter of 3% inches and a top diam­
eter of 4% inches. The pots hold about 1350 gm soil. Each pot in the 
experiments received an amount of field moist soil equivalent to 500 grams 
of soil on an oven-dry basis. Clayton Silica Sand was mixed with the soil, 
as will be described later. 
The corn variety was the single cross hybrid A257xB14A. It was 
selected because Powell (1968) had shown that its P content varied over a 
Table 2, Planting date, harvest date, plants per pot, and nutrients added per pot for each green­
house experiment 
Experiment 
Treat­
ment 
Date 
planted 
Date 
harvested 
Plants/ 
pot 
Repli­
cates/ 
treatment P 
Nutrients added 
(Mem/pot) 
N K S 
Experiment 1 - +P 3-25-70 4-20-70 3 5 12.4 84 47 5 
Corn -P 3 5 0 84 47 5 
Experiment 2 - +P 5-29-70 6-25-70 4 5 40 154 120 13 
Corn -P 4 5 0 129 120 13 
Experiment 3 - +P 7-12-70 8-10-70 4 4 80 153 120 12 
Corn -P 4 4 0 153 120 12 
Experiment 3 - +P 7-8-70 8-17-70 10 4 80 103 80 12 
Alfalfa -P 10 4 0 103 80 12 
Experiment 4 - +P 10-16-70 11-18-70 4 5 80 160 120 15 
Corn. -P 4 5 0 120 80 15 
Experiment 4 - +P 10-15-70 1-6-71 12 5 80 150 120 15 
Alfalfa -P 12 5 0 45* 40** 15 
29 
wide range of soil P levels. A very small seed size, no. 22, was selected 
to reduce the amount of P in the plant that was supplied by the seed. The 
Vernal variety of alfalfa was used in Experiments 3 and 4. 
The pots were arranged on the greenhouse table in a randomized com­
plete block design. The blocks were re-randomized every seven days and the 
pots within each block completely re-randomized at the same time. The pots 
were kept at an optimum moisture level as much as possible using 85% of 
field capacity as the maximum soil moisture level; in very hot weather when 
the plants used very high amounts of water, the soils were watered to lev­
els above field capacity and the soils thus were above 85% field capacity 
for brief periods. The field capacities of the soils were estimated from 
data by Shaw (1965) and unpublished data by Dr. W. C. Mouldenhauer (Western 
Iowa soil moisture data. Department of Agronomy, Iowa State University, 
Ames, Iowa) that showed an average field capacity of 28-30% for the 
Marshall and Monona soil horizons. Thirty percent was considered as the 
average field capacity for all soils except the subsoils of the Welier, 
Kniffin, Rathbun, and Fayette series which were considered to have a field 
capacity of 35% for the experiments. These general values for field capac­
ity were verified experimentally using the porous plate at 1/3 bar 
(Richards, 1946). The silica sand was assumed to have a field capacity of 
8% even though the 1/3 bar determination value of the sand was less than 
1%. 
The pots were watered differently according to the stage of plant 
growth and amount of water used by the plant. During the time from plant­
ing until about seven days after germination, the plants were watered in 
the evening and only after the pots had lost from 40-50 ml water as deter­
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mined by weighing. After about the initial seven-day growth period, the 
plants generally began to have a high consumptive use of water. At this 
time, the amount of water added to the plants was determined in two ways: 
(1) in the evening the soil in each pot was returned to its optimum mois­
ture level, using a platform scale to determine the amount of water to be 
added to replace the water lost through evapo-transpiration and (2) during 
the day several pots of both the (+P) and the (-P) pots were weighed, the 
average amount of water lost was determined for each treatment, and pots 
then received the average amount of water lost, based on the respective 
treatments. Care was taken so that the pots did not lose more6than 70 ml 
H^O before the water was re-applied. However, there were several instances 
(Experiment 4) when the plants were large and greenhouse temperatures were 
very hot when this figure was exceeded, and severe moisture stress devel­
oped. At the end of the growth period, the plants were harvested by cut­
ting the shoot at the soil surface. The adhering sand and soil were care­
fully removed, and the tops were placed in small paper bags and dried at 
65°C. When the plants had reached constant weight, they were weighed, 
ground with a Wiley mill, and passed through a 40-mesh screen. The samples 
were stored in glass containers for later chemical analysis. 
Experiment 1^ 
Tne arrangement of the soil and sand in the pots in Experiment 1 is 
shown in Figure 2. The pots were prepared for planting by first standing a 
5/8" X 6" polyethylene tube upright in the middle of the plastic container 
anH addine 500 gm silica sand around it. The tube was added so the nutri­
ent solutions and water could be applied to the sand during the growth of 
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Figure 2. Cross-sectional diagram of pots used in greenhouse Experiment 1, 
showing the relative location of sand, soil, and plastic tube 
32 
the crop. Five hundred grams of the test soil on an oven-dry basis were 
added over the sand and the pot gently tamped to settle the soil. Nine 
corn seeds were planted in a circular pattern, the seeds being placed on 
their sides and then covered with 300 gm silica sand. The pots then 
received 125 ml H^O during the next 24 hours to insure proper germination. 
All nutrients were applied in liquid form to the sand through the 
polyethylene tube. The amount of nutrients and dates applied are given in 
Table A-2 (Appendix). The nutrient solution used was a modification of one 
of the nutrient solutions proposed by Hoagland and Amon (1950). The 
ratios of NH^NO^, Ca(NO^)2'4HgO, and KNO^ were slightly altered so the 
growth of the plants. 
The chemical salts used for the (+P) and (-P) nutrient solutions in 
Experiment 1 are shown in Table 3. 
Table 3. Formulation and composition of (+P) and (-P) nutrient solutions 
uptake of ions would not result in large changes in soil pH during the 
used in Experiment 1 
Stock solution 
(compound) 
ML stock solution/liter 
nutrient solution 
(+P) Nutrient Solution 
1 M. Ca (N03)2'4H20 
1 M. NH4NO3 
1 M. MgS04 
10 ml 
30 ml 
20 ml 
35 ml 
20 ml 
(-P) Nutrient Solution 
1 M. KNO3 
1 M. Ca(N03)2-4H20 
1 M. NH4NO3 
1 M. MgS04 
30 ml 
20 ml 
40 ml 
20 ml 
^Twenty mis of the above nutrient solutions contain 42 mg N while 
there is 6.2 mg F in 20 mis of the complete nutrient solutions. 
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Both of the nutrient solutions received 10 ml Hoaglands concentrated 
micronutrient solution per liter. This solution was prepared by dissolving 
2.86 gm HgBOg, 1.81 gm MnCl^'AH^O, 9.22 gm ZnSO^-yHgO, 0.08 gm CuS0^-5H20, 
and 0.02 gm H^MoO^'H^O in water and diluting to 1 liter. 
Experiment 2 
Because of the moisture problem associated with the layering of the 
soil and sand in Experiment 1, the 500 gm soil and the 500 gm silica sand 
were mixed together for this and succeeding experiments. The arrangement 
of the soil and sand is shown in Figure 3. 
Part of the nutrients were applied to the soil-sand mixture (subse­
quently referred to as soil) before planting. The nutrients applied and 
the times of application are given in Table A-2 (Appendix). In Experiment 
2 and in all other experiments, the P was applied as Ca(H2PO^)2 and the K as 
KNO^. The N was applied as % NH^NO^ and \ Ca(N0g)2, except when K was 
applied. At this time, the amount of Ca(N0^)2 was reduced to allow for the 
N that was associated with the potassium. The S was applied as MgSO^. The 
micronutrient solution was the same as in Experiment 1. In all cases, the 
nutrients were applied in liquid form. The soil cultures were prepared for 
planting by first adding 100 gms of soil to the pot. A 3/4" x 6" glass 
tube was then placed upright in the center of the pot and the remainder of 
the soil poured in around the glass tube and tamped slightly. Six corn 
seeds were than planted by pressing the seed tip down into the soil with 
the seeds in a circle and equidistant from each other. Part of the 250 gm 
surface sand was poured into the tube with the rest spread over the soil 
surface. The glass tube was then removed leaving a sand column to facili-
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: SAND 
SAND 
Figure 3. Cross-sectional diagram of pots used in greenhouse Experiments 
2, 3, and 4., showing the location of the sand and the soil and 
sand mixture 
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tate watering and subsequent additions of nutrients. Each pot received 
100 ml H^O to insure proper germination. Three days after germination, the 
plants were thinned to the four best plants per pot.. 
Experiment 2 
The same potting technique and planting patterns described in Experi­
ment 2 were used for the pots in Experiment 3. The dates of application 
and amounts of nutrients applied are given in Table A-3 (Appendix). 
Since the experiment was conducted during the middle of the summer, 
problems associated with the maintenance of cool conditions within the 
greenhouse occurred. To reduce the temperatures, a fine mist was produced 
by a small stream of water mixed with a stream of compressed air. In addi­
tion, the concrete surfaces were sprayed with H^O, and the fans were used 
to lower the greenhouse temperatures, which at times still reached 105°F. 
In this experiment, alfalfa also was used as the test crop. To allow 
the corn and alfalfa to make their maximum growth during a similar time 
period, the slower growing alfalfa was planted earlier than the corn and 
allowed to make some initial growth before transferring to the test soils 
by a technique similar to that proposed by Stanford and DeMent (1957). 
Twenty alfalfa seeds were planted in 250 gm of sand in a plastic container 
having a bottom diameter of 9.5 and a top diameter of 11 cm. This cup had 
a false bottom of saran wrap secured by rubber bands. When the plants 
reached the 3-leaf stage, a small amount of nutrient solution containing 
3 mg N, 2 mg K, and 0.2 mg P was added to each pot. The alfalfa was 
thinned to 12 plants per cup. and the cups with the most uniform plants 
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were transferred to the prepared soil pots after a growth period of approx­
imately three weeks. 
Experiment 4 
The planting, potting, and care of the pots in the corn experiment 
were identical to the procedures used in Experiments 2 and 3. Because of 
the difficulty encountered in transferring the alfalfa from the bottomless 
containers to the regular pots in the third experiment, the alfalfa seeds 
were planted directly in the soil pots by spreading evenly over the soil 
surface. One hundred fifty grams silica sand was used for the &and core 
and for covering the seeds. IVenty-five seeds were planted, and the seed­
lings were later thinned to 15 plants per pot. The amounts of nutrients 
applied and the dates of application are given in Table A-2 (Appendix). 
Chemical Analysis 
Plant analysis 
In order to insure adequate amounts of plant material for analysis 
when growth was small, composite samples were prepared by combining repli­
cations 1 and 2 for one sample and replications 3 and 4 for another compos­
ite sample. In experiments with five replications, the growth from the 
fifth replication was used for analysis only if discrepancies existed 
between the two composite samples. Because of the very poor growth of 
alfalfa on some untreated soils in Experiment 3, the plant samples from all 
replicates of the untreated soils were combined into one sample. 
A half-gram sample of plant material was weighed into a 100-ml volu­
metric flask and digested with 10 ml concentrated and a small piece 
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of copper wire as outlined by Hanway (1970). Duplicate digestions were 
made for all samples, and the duplicates were run at different times. 
Phosphorus The P in the plant material was determined colormetri-
cally using the vanadomolybdic yellow method as outlined by Jackson (1958) 
except that HgSO^ was used instead of HNO^ to supply the required acidity of 
the solution (Hanway, 1970). Five ml of the plant digest were mixed with 
25 ml of the vanadomolybdic solution, and after allowing 30 minutes for 
color development, the color intensity of the solution was determined using 
the Klett-Summerson colorimeter model 900-3 with a no. 42 filter. The 
"sugar cube" having a four cm path length was used for the determination. 
Nitrogen Nitrogen was determined in both the corn and alfalfa 
plant material from Experiment 4 using the microkjeldahl steam distillation 
apparatus, as described by Bremner and Keeney (1965). A 5-ml aliquot of 
the plant digest previously described was made strongly alkaline by adding 
5 ml of 5N NaOH. The NH^ was distilled into boric acid indicator solution, 
and the amount of NH^ present was determined by titration against a known 
acid. 
Potassium Potassium determinations were made on both corn and 
alfalfa samples from Experiment 4. A 5-ml aliquot of the plant digest was 
diluted to 100 ml with a standard Li solution so that the final concentra­
tion of Li was 104 ppm Li. The K was determined directly using the model 
143 flame photometer, manufactured by the Instrumental Laboratory Incorpo­
rated . 
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Soil analysis 
Soils were analyzed in a moist condition unless otherwise specified. 
Soil pH The soil pH in H^O was determined according to the method 
outlined by Peech (1965), using a Sargent Model LS pH meter and a combina­
tion probe glass electrode. After determining the 1;1 soil-water pH, 10 ml 
0.02M CaClg were added to the sample to obtain the soil pH measured in 
O.OIM CaClg. The solution was stirred three times in 30 minutes and then 
allowed to settle for thirty minutes before the pH was determined, using 
the previously mentioned equipment. 
Soil P The soil P soluble in .03N NH4F + .025N HCl was determined 
according to the procedure outlined by Bray and Kurtz (1945). The proce­
dure was modified by using slightly different shaking and filtering steps 
than outlined. The moist soil, equivalent to 2 gm on an oven-dry basis, 
was weighed into a 20 mm x 175 mm test tube, and 15 ml of extracting solu­
tion then was added. The test tube was stoppered and shaken vigorously on 
a vortex mixer for one minute and immediately filtered under suction 
through a glass fiber filter obtained from the Reeve Angle Company. To 
five ml of the clear filtrate 10 ml distilled water was first added and 
mixed well, followed by five ml of the ascorbic acid-reductant solution 
proposed by Murphey and Riley (1962). Enough water was then added to bring 
the total volume of the solution to 25 ml. 
Extractable P was also determined in 0.5 M NaHC03 at pH 8.5 by using a 
slight modification of the procedure outlined by Watanabe and Olsen (1966). 
Carbon black G-elf was added to reduce the amount of color in the fil­
trates. The prescribed no. 42 Wliatman filter paper was replaced with glass 
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fiber filters, since the glass fiber filters prevented passage of soil par­
ticles around the filters and allowed more rapid filtering. 
The Resin P was determined by using the procedure outlined by Sanchez 
(1955), except that a four-hour extraction as used by Blanchar and Caldwell 
(1964), was used instead of the six-hour period described in the procedure. 
To five ml of the clear filtrate, 10 ml distilled water were added, and 
then five ml of the reducing solution and enough water were added to bring 
the total volume to 25 ml. Phosphorus was determined, using each of the 
three procedures, after allowing 20 minutes of color development. The 
color intensity was determined using the Klett-Summerson colorimeter model 
900-3, using a no. 69 filter and the "sugar cube" with a 2-cm path length. 
Statistical Analysis 
All statistical analyses of experimental data were run on the IBM 360 
computer at the Iowa State University Computation Center, using the SAS 
program for multiple regression analysis developed at North Carolina State 
University ( Barr and Goodnight, 1972). 
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RESULTS AND DISCUSSION 
Part I ; Chemical and Morphological Characteristics 
of the Soil Profiles 
The objectives of this phase of the study were: to compare the chemi­
cal solubility of the P in the various profiles by three well-known 
methods; to study the variations in the readily soluble P among profiles of 
the same soil series, particularly of the Marshall series; and to determine 
the relationship between the soluble P distribution by the different meth­
ods and pH. 
The soil profiles collected for the experiments were described and 
classified as to their morphological characteristics; the descriptions are 
given in Table A-1 (Appendix). The soils were chemically analyzed for P 
using the Bray (Bray and Kurtz, 1945), Olsen (Olsen et al., 1954), and 
Resin (Sanchez, 1955) methods. Determinations of pH were made in water 
(1:1 soil-water ratio) and in O.OIM CaClg (1:2 soil to solution ratio). 
The results of the chemical analyses are given in Table A-3 (Appendix). 
General distribution pattern of extractable P ^  loess profiles 
The distribution of chemically-extractable P plotted against depth 
usually shows three distinct zones in the soils formed from loess parent 
material. These zones, designated as Zones 1, 2, and 3, are illustrated in 
Figure 4 with Bray-extractable P versus profile depth for the Marshall pro­
file 27. 
Zone 1 consists of the surface soil, the A1 horizon for the virgin 
sells, or the Ap horizon for the cultivated soils. It is the region where 
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ZONEI 
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16 24^ "32 BRAY EXTRACTABLE P ( PPM) 
Figure 4. Distribution of Bray-extractable P with depth for profile 27, 
typical of most soils developed in deep loess in southwest Iowa, 
showing the three zones in the profile of P distribution 
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cropping, return of plant residues, and the additions of fertilizer and 
manure can cause large variations in the amounts of extractable P. 
Zone 2 is that portion of the P distribution curve where the lowest 
amount of soil P is obtained. It generally occurs in those horizons found 
immediately beneath the Ap or A1 horizon and includes either parts or all 
of the A2 (if present), A3, Bl, and B2 horizons. The depth of minimum P 
solubility most often occurs somewhere between 6 to 24 inches for most of 
the profiles studied. 
After reaching minimum P levels, the amount of extractable P increases 
to an area of maximum solubility. Zone 3, that usually occurs in either the 
B3 or Cl horizons. In most profiles studied, the zone of maximum solubil­
ity was between 36-48 inches in depth. Where free carbonates were 
encountered at this or shallower depths, however, very low levels of 
extractable P were present. In such cases, the maximum solubility occurred 
in less alkaline or more acid horizons closer to the soil surface. 
Variations in the chemicallv-extractable P distribution among soil profiles 
from different series 
The soils used in the study ranged from the relatively unweathered, 
highly calcareous Ida soil series to the highly weathered, strongly acid 
Rathbun series. The differences in the distribution of extractable P among 
soil series are shown in Table A-3 (Appendix) and are illustrated for the 
Bray method in Figures 5A and 5B. When only one soil profile of a particu­
lar series was collected, that profile was used in the figure; if several 
profiles were collected, the profile that the author felt was the most typ­
ical was used. Because of the wide range in levels of extractable P in the 
Marshall profiles, two examples were included in the figure. 
Figure 5A. Distributions of Bray-extractable P with depth for typical pro­
files of southwest Iowa soil series 
Figure 5B. Distributions of Bray-extractable P with depth for representa­
tive profiles of soil series from east-central and south-central 
Iowa 
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Southwest Iowa soil profiles The soil series studied in southwest 
Iowa can be classified according to degree of weathering. The weathering 
sequence from the least weathered to the most weathered series is: Ida, 
Monona, Marshall, and Sharpsburg. From Figure 5A, it is evident that the 
chemically-extractable P (Bray method) in Zone 3 of the various profiles 
varies with the weathering sequence from the Ida to the Marshall series. 
The unweathered Ida profile shows essentially no chemically-extractable P 
present in the region between 12 and 48 inches in depth. 
Increasing amounts of extractable P are found in the Monona and 
Marshall profiles, especially at the 36-48 inch depths. Although the 
extractable P level in the 36-48 inch layer of the single Sharpsburg pro­
file sampled for this study is higher than that in either of the Marshall 
profiles, it is not representative of the Sharpsburg series. Average 
extractable P levels in the 36-42 inch layers of 55 Marshall profiles and 
21 Sharpsburg profiles have been found to be almost the same by the Bray 
method (Unpublished data, Dr. L. C. Duraenil, Agronomy Department, Iowa 
State University, Ames, Iowa). 
In- summary, the Ida soil is very low in extractable P immediately 
below the plow-layer and throughout the soil profile. The Monona series 
has more soluble P throughout the profile than the Ida series but less than 
the Marshall or the Sharpsburg series. Differences in average P distribu­
tions between Marshall and Sharpsburg soil profiles are small. 
South-central and east-central Iowa soil profiles The most highly 
weathered soil profiles studied are the Kniffin profile 13, Rathbun profile 
14, and the Weller profile 18. These occur on the loess system extending 
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across south-central Iowa but were developed under forest or mixed forest-
green vegetation, whereas the previously mentioned profiles from southwest 
Iowa were developed under prairie vegetation. Two of these three soil pro­
files (Figure 5B) did not show any higher levels of chemically-extractable 
P in the 36-48 inch layer than do some of the Sharpsburg and Marshall pro­
files. However, all three profiles have very low amounts of extractable P 
in Zone 2, the minimum region, and these very low P levels persist to a 
greater depth in the profile than in the non-calcareous southwest Iowa pro­
files. Below the minimum levels, the P increased quite rapidly reaching a 
maximum in Zone 3. 
The P distribution in the Tama profile is similar to that found in the 
Marshall and Sharpsburg profiles, having rather large amounts of chemically-
extractable P in the deepest horizons but low minimum levels of extractable 
P at the intermediate depths. The soil profile that shows the greatest 
amount of chemically-extractable P is that from the Fayette series (uncul­
tivated site) in east-central Iowa that was formed in a different loess 
system than all the other soils used in this study except the Tama profile. 
This Fayette profile has relatively higher amounts of soluble P in the A2 
and upper B horizons (Table A-3, Appendix) than the typical profile; more­
over, the pH values of the upper soil horizons are much higher than 
expected. 
The type of vegetation under which the soils were formed appears to 
affect the amounts of extractable P in the subsoils. For example, both the 
forested Rathbun profile 14 and the Weller profile 18 soils have greater 
extractable P levels in the lower horizons than the Kniffin profile 13, a 
i 
transitional series (Figure 5B). Also, the forest-derived Fayette profile 
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has greater amounts of extractable P than the prairie-derived Tama profile 
throughout most of the profile. These results, although from a limited 
number of profiles, are in agreement with the results of Mausbach (1969) 
who found increasing amounts of Fe- and Al-phosphates with increasing 
influence of forest vegetation. He found that the same relationship 
existed in south-central Iowa where the forested Beckwith and Weller series 
had considerably more Fe- and Al-phosphates throughout the profile than the 
prairie-derived Haig series. 
Variation in the extractable P ^  profiles of the Monona and Marshall ser­
ies 
Because the soils are under continual influences of weathering and, 
even within locally small areas, are subjected to different intensities of 
weathering, depending on soil slope and aspect, it was of interest to exam­
ine to what extent the extractable-P distributions vary among profiles of a 
given soil series. Three Monona and 11 Marshall profiles were used in the 
study. In this discussion, more emphasis will be given to the Marshall 
soil series and the graphs will show only the extractable-P by the Bray 
method. 
Monona series The Momona profiles are numbers 15, 16, and 26. 
Although they are quite similar in morphological characteristics, as deter­
mined visually (Table A-1, Appendix), they vary considerably in pH values 
in the deepest soil horizons (Table A-3, Appendix). Profile 15, located on 
a steep side slope (10%), has had considerable erosion, as Zone 3 occurs at 
the 12-30 inch depth. Below this zone carbonates increase rapidly; at 42-
48 inches the pH is 7.8 and the extractable P level is near zero. Both 
profiles 16 and 26 showed greater weathering than profile 15 as indicated 
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by the more acid pH values deeper in the profile and the higher levels of 
extractable P. The three Monona profiles sampled have extractable P levels 
that are on the high end of the P range for the Monona series. Unpublished 
data (Dr. L. C. Dumenil, Iowa Corn Yield Study, Dept. of Agronomy, Iowa 
State University, Ames, Iowa) showed a wide range of Bray-extractable P 
values for the Monona series. 
Thus, within the Monona series, large variations in the levels and 
distributions of extractable P occur which are apparently related to the 
degree of weathering of the profile. Those profiles that approach the Ida 
profile in degree of weathering and pH have low amounts of extractable P 
while those that are more like the Marshall profiles have higher amounts of 
P. 
Marshall series Figures 6A and 6B show the distributions of the 
chemically-extractable P with profile depth for the Marshall profiles. 
From the graphs it is evident that there is considerable variation in the 
distribution of P among the profiles, particularly in the maximum amounts 
of P found. The particular profiles collected for this experiment seem to 
be primarily of two general types. Those shown in Figure 6A have maximum 
P levels in the subsoil of less than 16 ppm; whereas, the other profiles, 
shown in Figure 6B, have levels between 30-36 ppm, twice as high as found 
in the first group. 
Profiles with intermediate levels of extractable P in the subsoils 
were noticeably absent although it was probably by coincidence that no such 
profiles were collected. Unpublished data supplied by Dr. L. C. Dumenil 
(Iowa Corn Yield Site location data. Department of Agronomy, Iowa State 
University, Ames, Iowa) from 55 Marshall profiles show that the range in 
Figure 6. Distributions of Bray-extractable P with depth for the low P 
(Figure 6A) and high P (Figure 6B) profiles from the Marshall 
series 
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Bray P followed a normal distribution with the mean P level slightly above 
the average of those profiles shown in Figure 6A. 
For the group with the high amounts of extractable P in the lower sub­
soil (Figure 6B), the depth at which the minimum levels occurred was 12-24 
inches, whereas for most of the soils with the low levels of extractable P 
the depth of the minimum levels was 6-12 inches. The minimum amounts of 
extractable P varied as well; the low subsoil P group contained 4-8 ppm 
extractable P (Bray) and the high P group contained from 6-16 ppm. 
The differences in the amounts of extractable P are apparently related 
to the soil pH; the five profiles (12, 27, 29, 30, and 31) with the high 
amounts of extractable P all have pH values ranging from 5.67-6.06 in the 
24-48 inch layers, while those profiles with the lower amounts of extract-
able P have pH values ranging from 6.31-6.87. It appears that the lower pH 
values increased the solubility of the Ca-phosphates in these southwest 
Iowa profiles. The largest amounts of extractable P were found to occur in 
the horizon, at the base of the solum, where weathering has removed the 
free carbonates and the pH is slightly below neutrality. 
The location within the Marshall area apparently influences the P dis­
tributions. In the Monona-Mar shall transition area, the profiles desig­
nated as Marshalls have P distributions similar to those found in Monona 
profiles; in the Marshal1-Sharpsburg transition area, the Marshall profiles 
have P distributions similar to those in modal Sharpsburg profiles. The 
differences among Marshall profiles from the west edge to the east edge of 
the area are presumably the result of increasing "weathering" and decreas­
ing pH values. 
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It is possible that the lower soil pH and higher extractable P levels 
in some of the profiles may be due to the influence of vegetation. 
Although most soils in southwest Iowa are known to have been formed under 
prairie vegetation, there were many small forested areas along drainage 
ways and in small pockets. Daniels and Jordan (1966) found that the for­
est-influenced and the prairie-derived Monona soil profiles could not be 
accurately distinguished from each other after they had been under cultiva­
tion. Although light grainy coatings are present in some profiles, they 
can only be seen after the soil core has been dried; hence in a profile 
that is described moist, the presence of a forest influence is impossible 
to detect. These investigators found that the depth to carbonates was 
greater and the pH values in the subsoils were lower in the profiles show­
ing a forest influence than in the prairie-derived profiles. 
Of the Marshall soil profiles collected, profile 27 is from a site 
mentioned by the owner as having been cleared from forest vegetation. The 
other soil profile that is suspected of having had forest influence is pro­
file 12, which was located on a ridge top overlooking a wooded drainage 
system. As indicated in Table A-3 (Appendix), the pH for profile 12 
decreases sharply below 18 inches in depth. 
The only other profiles that have low pH values in the subsoil hori­
zons are profiles 29 and 31. These soils were located on relatively level 
topographical positions where larger amounts of water could move througji 
the profile, remove more bases, and lower the soil pH values, as compared 
to those profiles on a more sloping position. 
Topographic features appear to affect the levels of extractable P in 
the Marshall profiles by influencing both soil weathering and pH. Most of 
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the "low P" profiles were collected from landscape positions having slopes 
greater than 5%. Soils of the Marshall series have been mapped in a full 
range of slope positions from about 2 to 20% slope, with the largest com­
ponent being in the 5 to 14% range. Thus these "low P" Marshall soils are 
probably fairly representative of a large portion of the soils comprising 
the Marshall series. Soils formed on these slope positions are considered 
younger genetically than soils formed on a stable summit position (Daniels 
and Jordan, 1966). Thus they are less weathered and should in general have 
higher pH values. 
In summary, the subsoils of the Marshall soil series showed large var­
iations in both soil pH and chemically-extractable P. The subsoils rela­
tively high in pH values and low in extractable P were in one group, while 
the soils having low pH values and high P values were in the other. In the 
deeper soil horizons where the pH was found to decrease and the extractable 
P levels to increase, either increased weathering or a possible forest 
influence was indicated. A more complete study of the relationship between 
pH and chemically-extractable P will be presented in a following section. 
Differences in depth distribution of extractable P representative pro­
files, as determined by the Bray, Olsen. and Resin methods 
The amounts of chemically-extractable P obtained by the three methods 
were plotted against depth for profiles representing all soil series under 
investigation. The soil profiles shown are the Ida 25, Monona 15, Monona 
26, Marshall 12, 24, and 29, Sharpsburg 10, Kniffin 13, Rathbun 14, Weller 
18, Tama 22, and Fayette 38 (Figures 7, 8, and 9). In all soils less P was 
extracted by the Olsen extractant than by the Bray or Resin extractanc. 
Figure 7. Distributions of P removed 
extractants with depth for 
15 (7B), Monona profile 26 
by the Olsen, Resin, and Bray 
Ida profile 25 (7A), Monona profile 
(7C), and Marshall profile 24 (7D) 
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Figure 8. Distributions of P removed by the Olsen, Resin, and Bray 
extractants with depth for Marshall profile 29 (8A), Marshall 
profile 12 (SB), Sharpsburg profile 10 (8C), and Tama profile 
22 (8D) 
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Figure 9. Distributions of P removed by the Olsen, Resin, and Bray 
extractants with depth for Kniffin profile 13 (9A), Rathbun pro 
file 14 (9B), Weller profile 18 (9C), and Fayette profile (9D) 
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In general, the slopes of the P distribution curves with depth are 
similar with the three methods, and the amounts of P extracted are in the 
order of Bray, Resin, and Olsen. The two major exceptions are the forested, 
highly-weathered Rathbun profile 14 and the Weller profile 18. In both 
profiles the intermediate layers show considerably greater amounts of 
extractable P by the Resin than by the Bray method. Similar but smaller 
differences were also found in the Kniffin profile. All three profiles are 
highly weathered and contain high amounts of clay, especially in the B hor­
izons. It is evident that the Resin method was able to extract more P from 
the clay surfaces than were the chemical extractants, possibly by prevent­
ing the readsorption of the dissolved phosphates by the clay surface. 
Although the depth distribution curves are in general similar for the 
three methods, the ratios of the amounts extracted by the different methods 
varied with the horizon or depth in the profile (Table 4). The ratio of 
the Olsen to Bray values increased from 0.23 in the minimum P horizon to 
0.29 in the 24-30 inch horizon and to 0.41 in the 42-48 inch horizon. Sim­
ilar increases with depth were found in the Olsen to Resin ratios, the val­
ues being 0.28, 0.37, and 0.45, respectively. This indicates that the 
Olsen method extracts relatively more P than the Bray and Resin methods 
with increasing depth in the profile. Since the horizons become generally 
less weathered with depth, the data indicate that the Olsen method extracts 
a larger portion of the Ca-phosphatea. This, as shall be shown later, 
probably explains why the Olsen method has a considerably higher correla­
tion with plant-available P in the C horizon of these soils than the Bray 
method. 
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Table 4. Average and relative amounts of extractable P by the three chemi­
cal methods in three different horizons of the profile, southwest 
and east-central Iowa soils 
Average extractable Average ratios 
Average pH and P (ppm) Olsen; Resin: Olsen: 
Horizon range in pH Bray Olsen Resin Bray Bray Resin 
Minimum P ^  
(n = 15) 
6.18 
5.60-6.70 
8.6 2.1 7.1 0.23 0.88 0.28 
24-30 inches^  
(n = 15) 
6.21 
5.67-6.80 
18.1 4.8 12.8 0.29 0.76 0.37 
42-48 inches^  
(n = 16) 
6.23 
5.61-6.82 
25.4 9.6 20.2 0.41 0.90 0.45 
I^ncludes only the horizons with pH values less than 7.0. 
M^inimum P levels occurred in the 6-12 inch or 12-18 inch horizons, 
which were mostly in the Bl horizons, but a few were in the A3 horizons. 
A^ll of these horizons were in the B2 or B3 horizons. Because the 24 
30 inch layers of two of the soils (10 and 29) were in the minimum P zone, 
the 30-36 inch layers were substituted. 
T^hese horizons were in the CI horizon except for four soils which 
were in the B3 (12, 21, 22, and 38) and one soil which was in the B2 (31). 
Relationship between soil pH and extractable P ^  the three chemical meth­
ods 
To study the relationships between soil pH and extractable P, correla­
tion coefficients were determined between the pH values and extractable P 
by the different chemical methods for different soil depths and for the pH 
ranges below and above pH 6.8 (Table 5). For these correlations, only the 
data from the southwest Iowa profiles were included. As shown in Table 5, 
the correlation coefficients for the entire pH range were slightly positive 
but not significant in the surface horizon. As the horizon depth 
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Table 5. Correlation coefficients between chemically-extractable P and 
soil pH (1:1 HgO), ail southwest Iowa profiles 
Soil pH range 
and soil depth Number of Chemical method 
(inches) observations Bray Olsen Resin 
Entire pH range 
0-6 22 .06 .28 .33 
6-12 16 -.17 .05 -.12 
12-24 32 -.26 .08 -.01 
24-36 32 -.63** -.29 -.51** 
36-48 32 -.89** -.78** -.82** 
6-24 48 -.21 .08 -.04 
24-48 64 -.74** -.51** -.62** 
Less than pH 6.81 
0-6 19 .27 .32 .39 
6-12 14 .13 .34 .11 
12-24 26 .12 .39* .30 
24-36 25 -.48* .03 -.17 
36-48 25 -.86** -.53** -.63** 
6-24 40 .14 .38* .24 
24-48 50 -.61** -.15 -.31* 
a _a a 
a a a 
Greater than pH 6.80 
0-6 3 
6-12 2 
12-24 6 -.92** -.94** -.80* 
24-36 7 -.91** -.73 -.75* 
36-48 7 -.98** -.96** -.98** 
6-24 8 -.81* -.80* -.81* 
24-48 14 -.95** -.85** -.84** 
T^oo few observations to obtain a correlation coefficient. 
S^ignificant at the 5% level. 
**Significant at the 1% level. 
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increased, the correlations became more negative, and most were highly neg­
ative and significant at depths below 24 inches. Soil pH and extractable P 
by the Bray and Resin methods were more highly and negatively correlated in 
the deeper soil horizons than were the pH and Olsen-extractable P. 
The relationships between Bray- and Olsen-extractable P values and 
soil pH for the entire pH range are shown in detail in Figures 10 and 11. 
As was previously shown in Table 5, the correlations associated with both 
chemical methods are negative and significant for all horizons greater than 
24 inches in depth; however, for the horizons 6-24 inches in depth, they 
vary from slightly negative for the pH-Bray P relationship to very slightly 
positive for the pH-Olsen P relationship- Below about pH 6.7 in the rela­
tionship with the Bray method (Figure 10) and below about pH 6.9 in the one 
with the Olsen method (Figure 11), wider deviations in the pH-extractable P 
relationships become apparent between the shallower and deeper subsoil hor­
izons. Above these pH levels, values of chemically-extractable P are much 
more closely related to soil pH values, and the relationships are negative 
with both chemical methods and in all subsoil horizons. 
For soil pH values less than 6.8, the correlations between pH and 
extractable P by all methods were positive but not significant in most 
cases for the subsoil layers down to 24 inches in depth (Table 5). In con­
trast, the correlation coefficients were negative in most cases in the sub­
soils below 24 inches in depth. For pH values greater than 6.8, correla­
tions between pH and extractable P by all methods were highly negative in 
all layers below 12 inches in depth (Table 5). 
The striking change in the pH-extractabie ê relationships froiu the 
surface horizons to the deepest horizons for those less than pH 6.8 is no 
Figure 10. Relationships between Bray-extractable P and soil pH in the horizons 6-24 inches and 
24-48 inches in depth from southwest Iowa subsoils 
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Figure 11. Relationships between Olsen-extractable P and soil pH in the 6-24 inch and 24-48 inch 
horizons from southwest Iowa subsoils 
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doubt explained by the changing forms of soil P with depth. In the surface 
and upper subsoil horizons, several forms of P no doubt are present, prob­
ably dominated by Al-phosphates ; whereas, in the lower horizons of the 
southwest Iowa soils, Ca-phosphates predominate, as indicated by various 
studies (Stelly and Pierre, 1943; Godfrey and Riecken, 1954, 1957; and 
Mausbach, 1969). In the subsoil horizons above pH 6.8, the high pH values 
reflect a low degree of weathering and the presence of Ca-phosphates as the 
dominant form of P. 
Thus, although there is a general continuum in the pH-soil P correla­
tion coefficients from slightly positive to highly negative with depth in 
the profile, three general patterns may be identified, as follows: (1) for 
surface soils below pH of about 6.8, positive but generally non-significant 
correlations are found between pH and chemically extractable P by all meth­
ods; (2) for the upper and intermediate subsoil horizons (6-24 inches) 
below pH 6.8, positive correlations--becoming generally less positive or 
more negative with depth—are found between pH and chemically-extractable P 
by all methods; and (3) for the lower subsoils of 24-48 inches for all 
soils and for the 12-24 inch horizon of soils greater than pH 6.8, high and 
significant negative correlations are found between pH and chemically 
extractable P by all methods. As previously indicated, these different 
patterns are very probably explained by differences in the degree of weath­
ering and the consequent type of P present. 
The data presented in Table 5 generally show that the correlations 
between pH and extractable P by the Bray method are less positive or more 
negative than those for the Olsen and Resin methods in the southwest Iowa 
subsoils. To study these relationships further, the ratios of the P 
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extracted by the different methods were plotted against the pH (both pH 
(HgO) and pH (CaClg)) for the three specific subsoil horizons described in 
Table 4. 
The relationships between pH (HgO) and both the Olsen/Bray and Resin/ 
Bray ratios for the 24-30 inch horizons are illustrated in Figure 12. As 
shown in Figure 12 and Table 6, highly significant correlations exist 
between both the Olsen/Bray and Resin/Bray ratios and soil pH (HgO) within 
the pH range of 5.6-6.8. Little difference in effectiveness was found 
between the two pH methods when all three horizon depths were considered; 
however, the pH (CaClg) did have higher correlation values than pH (HgO) 
for the minimum P horizons while the pH (HgO) had higher values for the 42-
48 inch horizons. No differences were found between the pH methods in the 
24-30 inch horizons. Since neither method was consistently superior, the 
pH (HgO) method will be used to present the data. 
Because the Olsen/Resin ratio shows no significant correlation with pH 
in the 24-30 inch horizons, the positive correlation values for Olsen/Bray 
and Resin/Bray ratios reflect a negative effect of increasing pH levels on 
amounts of Bray-extractable P. For example, at pH 5.6, the Olsen method 
extracts only about 15% as much P as the Bray method, but at pH 6.8, the 
ratio is increased to about 42% (regression line. Figure 12). Thus, an 
underestimation of available P probably occurs in moderately acid to neu­
tral subsoils when the Bray method is used. The relative effectiveness of 
the two chemical methods will be discussed further in Part II. A similar 
relationship between the extractable-P ratios and pH occurred in the 42-48 
inch horizon (Table 6) excepL LhaC ths ccrrclaticn values vere slightly 
lower than those obtained for the 24-30 inch horizons. 
Figure 12. The influence of soil pH on the Resin/Bray and Olsen/Bray extractable P ratios in the 
24-30 inch layers of pH less than 7.0, southwest and east-central Iowa profiles 
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Table 6. Correlation coefficients and bo ^ nd b. values for the regressions of chemically-extractable 
P ratios on soil pH for three horizon depths, southwest and east-central Iowa soils 
r values between extractable 
P ratios and soil pH bg and bj values for extractable P ratios on soil p 
Extractable Minimum 24-30 42-48 Minimum P 24-30 inches 42-48 inches 
P ratio P inches inches 
"o bo "l bo hi 
Olsen/Eray .55* .71** .65** -85.7 17.7 -112.8 22.8 -68.8 17.6 
Resin/E.ray .18 .74** .61* 0.5 14.1 -152.9 37.0 -148.4 38.3 
Olsen/Resin .37 .32 -.07 -56.1 13.6 -29.1 10.6 53.7 -1.42 
H^orizon depths are described and ranges of pH values are given in Table 4. 
*î)ignificant at the 5% level. 
*^ Significant at the 1% level. 
73 
In the minimum P zone, the correlation between the Resin/Bray ratios 
and pH was much less than in the other horizons, and the slope of its 
regression line was also less (Table 6 and Figure 13). The lower correla­
tion for the Resin/Bray ratio compared to the deeper horizons was caused, 
in part, by the deviations of several points from the trend of the others 
in the Resin/Bray correlation with pH; most of these same points deviated 
from the trend, but in the opposite direction, in the Olsen/Bray relation­
ship. 
In summary, the ratios between extractable P methods involving the 
Bray method increase as the soil pH increases from 5.6 to 7.0, which means 
that smaller amounts of soil P are extracted by the Bray method relative to 
the other methods at increasing pH values. This effect is probably due to 
the decreasing amounts of Fe- and Al-phosphates and increasing amounts of 
Ca-phosphates as the soil pH increases. Thus, the extractable P ratios 
involving the Bray method in these southwest and east-central soils 
developed in deep loess vary with soil pH within similar horizon depths and 
also, as previously discussed, with depth of the horizon when average pH 
and range in pH values are similar. 
Part II, Biological and Chemical Availability 
of Soil P 
This section evaluates the availability of subsoil P using growth and 
P uptake by corn and alfalfa grown in the greenhouse. Four greenhouse 
experiments were conducted. Corn (Zea mays L.) was used as a test crop in 
all experiments and alfalfa (Medica^ o satlva) in the last two. The growth 
and P uptake by the two test crops were related to the chemically-extracc-
able P by three common chemical methods. 
Figure 13. The influence of soil pH on the Resin/Bray and Olsen/Bray extractable P ratios in the 
minimum P layers of pH less than 7.0, southwest and east-central Iowa profiles 
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Two direct methods (plant weight and total P uptake) were used to com­
pare P availability among soils in the greenhouse. In addition, four 
indirect methods (Plant Indexes 1-4) were established to determine the rel­
ative relationship between (-P) and (+P) yields. By using indirect meas­
urements, one can determine if the nutrient studied is limiting yields; 
moreover, these relative yields help to eliminate the effect of some other 
factor or factors on the absolute yield levels. If all yields from (-P) 
and (+P) treatments on all soils fall on the same yield response curve and 
differ only according to the factor studied, then the direct and indirect 
methods would give identical results. If, in the greenhouse, some factor 
such as soil structure, nutrient deficiency, nutrient toxicity, etc. does 
limit the yields of some soils more than others, the indirect methods 
should show higher correlations in the comparisons than the direct methods. 
The indirect methods used will be referred to as Plant Indexes 1-4. 
These are: 
Plant index I = , 100 
 ^ :i%: : ::::::  ^
Plant index 3 - X 100 
P ÛG : :::::: : == 
The plant weight and total P uptake per plot, used in calculating 
Indexes 1 and 3, respectively, include that plant growth and P uptake from 
the seed and the sand culture. In the case of corn, the portion of the P 
derived free the seed is large snd 1? reeponaihle for a large percentage of 
the total growth in some very P deficient soil horizons. To determine the 
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growth and P uptake due to the amounts of P in the seed and sand, the seeds 
were planted in silica sand and grown without any additions of P. This 
growth was considered to be the weight of "check", and its P content 
(weight X %P) was the P uptake of "check." These "check" values were sub­
tracted from the total plant weight and P uptake Values to calculate indexes 
2 and 4, respectively. 
The six methods of estimating plant-available P are correlated with 
each other to varying degrees. For example, plant weight per pot is a com­
ponent of total P uptake and each of the four plant indexes. If the cor­
relation between any two methods is very high, then the r values for the 
two plant methods in the relationships with any of the extractable-P meth­
ods will be nearly identical. Then the selection of the method used will 
depend on other factors such as convenience or cost. The correlation val­
ues between all possible pairs of the six methods for plant-available P are 
given in Table A-7 (Appendix). 
Greenhouse Experiment I 
The first experiment was designed to compare the availability of P to 
corn grown on subsoil horizons of profiles from southwest and south-central 
Iowa. Additionally, surface soils were included to compare the growth and 
response to P of surface soils and subsoils containing similar amounts of 
chemically-extractable P, as determined by the Bray, Olsen, and Resin meth­
ods. The soils and horizons used in Experiment 1 are shown in Table A-6 
(Appendix). A total of 30 horizons from nine profiles were used in this 
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About ten days after emergence, a number of plants on some of the 
southwest Iowa subsoils wilted badly, especially during hot portions of the 
day, although the pots were found to contain the desired total amounts of 
water. On inspection, these pots were found to have an imbalance in mois­
ture distribution because of the layering of the sand and soil. The pots 
had been watered at the soil surface, and some of the weakly-structured, 
deeper layers from southwest Iowa had such a low permeability rate that the 
water movement into the sand below was very slow. Apparently, the roots in 
the sand had little available water while the roots in the soil seemed to 
be unable to supply enough water to the plant because of the root distribu­
tion. A total of 17 horizons were, therefore, discarded. The soil hori­
zons retained were thenceforth watered partly through the polyethylene tube 
in the soil, thus allowing adequate water to reach the sand layer. This 
change in watering system tended to correct the moisture distribution prob­
lem. 
Plant-available P distribution within the profiles used in Experiment jL 
As shown in Table A-6 (Appendix), the levels of plant-available P (the 
plant weight or total P uptake from the (-P) treatment or the four plant 
indexes) were generally greatest in the 0-6 inch horizons of the soil pro­
files from southwest Iowa. These soils had all been under cultivation and 
most had in the past received P in manure and fertilizer additions. Sev­
eral of the horizons had very high levels of chemically-extractable P, and 
these were the horizons where the plant-available P was greatest. The lev­
els of plant-available P were lowest in the horizons from the intermediate 
depth (6-24 inches) and then increased sharply to maximum levels in the 42-
48 inch horizon. This relationship is shown in Photograph 1 (Marshall pro-
Photograph 1. Growth of corn without applied P on various horizons for 
Marshall profile 11 
Photograph 2. Comparison of corn growth without and with applied P on var­
ious horizons for Marshall profile 11 
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file 11) in which the greatest plant growth occurred on the surface soil 
and the minimum growth in the 12-18 inch horizon. The growth then progres­
sively increased from the 12-18 inch horizon through the 42-48 inch hori­
zon, but the growth on the 42-48 inch horizon was still less than that 
obtained on the surface soil. 
The growth of corn with (+P) treatments was similar for all horizons 
of the soils from southwestern Iowa, as shown in Photograph 2 and Table A-6 
(Appendix). 
The plant-available P distributions for the profiles from south-cen-
tral Iowa were somewhat different from those of the southwest profiles. 
Since the extractable P levels in the surface horizons of the virgin for­
ested Rathbun and Weller profiles were very low, plant growth was much less 
than that on the surface horizons of the southwest profiles. As shown in 
Photographs 3 and 4, the greatest plant growth in the (-P) pots for both 
the Rathbun and Weller profiles occurred on the deepest subsoil horizons. 
The lowest levels of plant growth for the (-P) pots occurred at the inter­
mediate depths for the Rathbun profile and at the surface horizon for the 
Weller profile. For the cultivated Kniffin profile, the greatest plant 
growth occurred in the surface horizon (Photograph 5); the least growth 
occurred in the intermediate subsoil horizons, but the growth on the 42-48 
inch horizon was nearly as great as on the surface soil. 
Correlations between plant-available P and chemicallv-extractable 
The plant-available P levels, as measured by the various methods, were ini­
tially plotted against chemically-extractable P by the three methods for 
all soil horizons on Experiment 1. As shown by the wide scatter of points 
in Figure 14 for the relationship between Plant Index 4 and the Olsen-
Photograph 3. Growth of corn without applied P on various horizons for 
Rathbun profile 14 
Photograph 4. Growth of corn without applied P on various horizons for 
Waller profile 18 
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Photograph 5. Growth of corn without applied P on various horizons for 
Kniffin profile 13 
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Figure 14. Regressions of Plant Index 4 (corn) on Olsen-extractable P for surface soils, southwest 
subsoils, and south-central Iowa subsoils. Experiment 1 
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extractable P, the plant-available P was not highly related to extractable 
P over all horizons and profiles. Since the relationships between plant-
available P and extractable P were different between the surface soils and 
the subsoils and appeared to be different between the subsoils from the two 
different areas of the state, the data from each soil group were statisti­
cally analyzed separately. The plant weight per pot, total P uptake per 
pot, and the four plant indexes were correlated with the Olsen-, Bray-, and 
Resin-extractable P amounts; the correlation coefficients (r values) are 
shown in Table 7 and Table A-7 (Appendix) for each of the three soil 
groups. 
Surface soils The correlations between plant weight per pot 
and chemically-extractable P had low r values of 0.60 to 0.67 for the three 
methods (Table 7). These low r values may have been caused by an incom­
plete conversion of the absorbed P into plant growth since the high corre­
lations between P percentage in the plants and extractable soil P (average 
r for the three chemical methods = 0.86) suggest that the plants either did 
not have time to utilize completely the P that had been absorbed and to 
reach a minimum P percentage or that some other factor was limiting growth. 
The r values between the other plant-available P methods and the chem­
ically-extrac table P methods ranged from 0.71 to 0.87 and were not signifi­
cantly different from each other. Since extractable P values by the three 
methods were highly correlated (r = .97 to .99), very little difference 
among chemical methods would be expected. Correlations also were very high 
between Plant Indexes 1 and 2 and 3 and 4. The relationship in the surface 
soils between Plant Index 4 and extractable P by the Olsen method is illus­
trated in Figure 14. The two observations with the highest plant-available 
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Table 7. . Correlation coefficients between plant-available P methods and 
chemically-extractable P methods, corn. Experiment 1 
Plant-available Extractable P method 
P method Bray Olsen Resin 
Surface soils (n=9) 
Plant weight .67* .61 .60 
P uptake .85** .82** .81** 
Plant Index 1 .84** .83** .78* 
Plant Index 2 .80** .76* .71* 
Plant Index 3 .86** .82** .79* 
Plant Index 4 .87** .83** .81** 
South-central subsoils (n=10) 
Plant weight .93** .93** .80** 
P uptake .93** .95** .84** 
Plant Index 1 .88** .99** .91** 
Plant Index 2 .90** .97** .86** 
Plant Index 3 .79** .89** .81** 
Plant Index 4 .87** .94** .84** 
Southwest subsoils (n"ll) 
Plant weight .92** (.62)3 .94** (.64*) .92** (.54) 
P uptake .81** (.32) .88** (.56) .86** (.48) 
Plant Index 1 .73** (.29) .88** (.76*) .87** (.71*) 
Plant Index 2 .91** (.56) .95** (.75*) .93** (.67*) 
Plant Index 3 .49 (.04) .67* (.50) .70* (.57) 
Plant Index 4 .74** (.19) .87** (.61) .87** (.62) 
C^orrelation coefficients in ( ) are those for all observations except 
hoizon 12-8. 
*Significant at the 5% level. 
**Significant at the 1% level. 
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and extractable P values had a large influence on the degree of correlation 
(and slope of the regression, as well). With a small sample size, correla­
tions must be interpreted with caution if unequal distributions over the 
range occur, as in this case, or if one or two points deviate markedly from 
the trend of the other observations. 
South-central subsoils All correlations between each of the 
plant-available P methods and each of the chemical methods were highly sig­
nificant (Table 7). Although no significant difference, exists among the 
correlation coefficients or between any two of them, all of the plant-
available P methods were somewhat more highly correlated with the extract-
able P by the Olsen method than by either of the other methods. The cor­
relations between extractable P by the three chemical methods (r = .83 to 
.94) were not as high as in the surface soils, but most of the plant-avail­
able P methods were very highly intercorrelated (Table A-7, Appendix). The 
relationship between Plant Index 4 and extractable P by the Olsen method is 
shown in Figure 14. The two observations with the highest extractable P 
values appeared to follow the trend of the other observations. 
Southwest subsoils The soils in this group, including Monona, 
Marshall, and Sharpsburg series, were those horizons from southwest Iowa 
that were least affected by the moisture imbalance caused from the layering 
of the sand and soil in the pots. 
Except for Plant Index 3, the correlations between each of the plant-
available P methods and each of the chemical methods were highly signifi­
cant (Table 7). More variability occurred, however, among the correlations 
for the southwest subsoils than among those of the other two groups, ihe 
coefficients associated with plant weight and Plant Index 2 were somewhat 
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higher than those for P uptake, Plant Index 1, and Plant Index 4. The low 
correlations for Plant Index 3 reflect the very high amounts of P absorbed 
from several of the (-P) treatments. Most of the plant-available P methods 
were more highly correlated with the extractable P by the Olsen and Resin 
methods than by the Bray method; these differences, however, were not sig­
nificant. 
The correlations between extractable P by the Bray and Olsen methods 
and by the Bray and Resin methods were 0.94 and 0.91, respectively, but much 
of the correlation was due to Horizon 12-8; deletion of this observation 
markedly reduced these correlations but had little effect on the one 
between the Olsen and Resin methods (Table A-7, Appendix). Correlations 
between plant-available P methods were not as high as in the other groups; 
coefficients above 0.96 occurred only between plant weight and Plant Index 2 
and total P uptake and Plant Index 2 (Table A-7, Appendix). 
Since the extractable P values of Marshall horizon 12-8 were about 
twice the'next largest values for all chemical methods (Table A-6, Appen­
dix and Figures 15A and 15B), this one observation had a disproportionate 
effect on all of the correlation coefficients. To determine the correla­
tion values for those observations in the range where most observations 
from the southwest subsoils occur, the data for Horizon 12-8 were deleted 
and the correlations re-calculated. The deletion of the data for this hori­
zon markedly reduced the coefficients associated with the Bray method and 
consistently reduced those associated with the Olsen and Resin methods 
(Table 7). The changes in the relationships between Plant Index 4 and 
Bray-extractable P due to deletion of this observation are shown in Fig­
ure 15Â; deletion of Horizon 12-6 did not change the regression of Plant 
Figure 15. Regressions of Plant Index 4 (corn) on Bray-extractable P (15A) 
and Olsen-extractable P (15B), without and with Horizon 12-8, 
southwest Iowa subsoils. Experiment 1 
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Index 4 on Olsen-extractable P (Figure 15B) but did reduce the correlation 
between the two. Although the correlations involving the Olsen or Resin 
methods are not significantly higher than the correlations with the Bray 
method, even after deletion of Horizon 12-8, they appear to predict more 
accurately the plant available P in these southwest Iowa subsoils than the 
Bray method. 
In summary, all chemical methods are about equally effective for pre­
dicting levels of plant-available P in the surface soils and south-central 
Iowa subsoils; however, the Bray method is less effective for this purpose 
in the southwest subsoils than either of the other two methods, which are 
about equally effective. Correlations associated with any plant-available 
P method are not consistently or significantly different from those of the 
other methods. 
Regressions of plant-available P on chemicallv-extractable P The 
differences in the relationships between plant-available and chemically-
extractable P among the soil groups discussed in the correlation section 
show that changes of the former vary with changes of the latter differently 
among the soils. 
To compare these changes in plant-available P with the chemically-
extractable P among the soil groups, regression equations of the form 
Î - bfl + Xi 
in which Y is the predicted plant-available P measurement, bg is the Y 
intercept, b^  is the slope of the line, and is the level of chemically-
extractable P were calculated. The calculated b^  and b^  values for the 
regressions of plant-growth data on the three chemical methods for the thre 
three soil groups are shown in Table 8. 
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Table 8. Bie bg and bj values for the regressions of plant-available P on 
chemically-extractable P, corn, Experment 1 
Soil group and 
plant-available 
P method 
Chemical method 
Bray Olsen Resin 
"o bo "o "l* 
Surface soils (n-9) 
Plant weight 0.94 0.025 1.04 0.068 0.99 0.028 
P uptake 0.22 0.092 0.51 0.264 0.30 0.108 
Plant Index 1 36.2 1.42 40.4 4.14 38.4 1.59 
Plant Index 2 1.4 2.15 8.7 6.06 5.6 2.34 
Plant Index 3 2.9 1.05 6.5 2.97 4.6 1.18 
Plant Index 4 -4.8 1.14 -1.0 3.24 -3.2 1.29 
South-central subsoils fn=10) 
Plant weight 0.97 0.020 0.97 0.044 0.91 0.020 
P uptake 0.83 0.029 0.84 0.062 0.75 0.030 
Plant Index 1 41.3 1.15 39.4 2.76 34.7 1.38 
Plant Index 2 9.9 1.66 7.9 3.86 2.6 1.84 
Plant Index 3 10.3 0.28 9.8 0.69 8.7 0.34 
Plant Index 4 3.3 0.32 2.9 0.75 1.8 0.36 
Southwest subsoils fn=ll) 
Plant weight 0.78 0.011 0.78 0.031 0.79 0.013 
P uptake 0.68 0.013 0.68 0.036 0.69 0.015 
Plant Index 1 46.9 0.52 46.1 1.66 46.3 0.68 
Plant Index 2 -2.1 1.11 -1.6 3.08 -1.1 1.25 
Plant Index 3 10.8 0.22 10.0 0.79 9.9 0.34 
Plant Index 4 1.3 0.23 1.0 0.72 1.0 0.30 
a. 
Significance levels of the b^  coefficients are the same as for the 
associated r values (Table 7). 
The bg values for the Bray, Olsen, and Resin methods over all soil 
groups were fairly uniform for any one plant-available P method. In the­
ory, the b^  values show the value of Y (estimated plant-available P value) 
when the extractable soil P level is 0 (X = 0). In this experiment, the 
growth or P uptake when the available soil P level is 0 is that from the P 
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in the seed and sand (that occurring in the "check" plants). The amounts 
found in the "check" plants were 0.82 g plant weight per pot and 0.62 mg P 
per pot (Table A-6, Appendix); the b^  values for plant weight per pot and 
total P uptake per pot, therefore, are estimates of these amounts in the 
"check" plants, based on all observations in the regression. 
The four plant indexes are ratios of the (-P) and (+P) treatments, as 
defined previously in the introduction to Part II. At an extractable-P 
level of 0, the expected b^  values for Plant Indexes 2 and 4 are 0 since 
the effect of the P in the seed and sand was subtracted from the plant 
weight or total P uptake of the (-P) treatments. 
Hie expected b^  values for Indexes 1 and 3 vary, however, with the 
mean levels of plant weight and P uptake of both the (-P) and (+P) treat­
ments in the three groups of soils. The expected bg value for Plant Index 
1, for example, is: 
plant weight of "check" x 100 
mean weight of (+P) tmt. - (mean wei^ t of (-P) tmt. - weight of "check"). 
Since the mean weight of the (+P) treatment is due to the applied P plus 
the P in the seed and sand plus the soil P, the weight of the (+P) treat­
ment when the extractable P level becomes 0 must be estimated. "Rie plant 
weight attributable to the soil P at the average extractable-P level of the 
soils in the experiment is the mean weight of the (-P) treatment minus the 
weight of the "check;" this value is then subtracted from the mean weight 
of the (+P) treatment to give its estimated weight when the soil P level is 
0, as shown in the equation above. The expected b^  values for Index 3 are 
c2lc!ilsted gimilarly j»B for Index 1 except that total P uptake values are 
substituted for the plant weight values. For the surface soils, south-cen­
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tral subsoils and southwest subsoils, the expected b^  values for Plant 
Index 1 are 46, 45, and 50, respectively, and for Plant Index 3 are 8.1, 
7.5, and 10.2, respectively. 
Marked deviations between the bg values calculated in the linear 
regressions and the expected bg values would indicate a poor fit to the 
data (due to low correlation, curvilinearity, or deviant points, particu­
larly at the low or high ends of the range) or an erroneous measurement of 
the values in the "check" plants. For the limited number of observations 
in these regressions, the deviations between calculated and expected bg 
values are low, particularly in the regressions for the southwest subsoils. 
If two regressions are to be compared, the difference between the two 
bg values will indicate the difference in elevation of the two regressions 
only if the slopes are parallel. For most comparisons, the differences 
between the two regressions over the entire range are of more interest than 
that at the Y intercept. 
Of primary importance in these regression equations is the b^  value, 
which measures the rate at which the predicted plant growth.(Y) increases 
as the level of chemically-extractable P (X^ ) increases. Thus, by compar­
ing the b^  values for the three soil groups, the relative plant availabil­
ity of the chemically-extractable P in these soil groups can be determined. 
If the P extracted by the chemical method from the three soil groups 
is equally available to corn, the growth of corn will increase uniformly as 
the amount of chemically-extractable P increases, and the b^  values will 
also be similar. As shown in Table 8, this is not the case since the b^  
values for the regressions of plant-available P on chemically-extractable P 
by all methods generally were greatest for the surface soils, intermediate 
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for the south-central subsoils, and lowest for the southwest subsoils. The 
larger b^  values associated with the Olsen method denote only the smaller 
relative quantities of soil P extracted by this method. 
The differences in the b^  values between the surface soils and either 
the south-central subsoils or southwest subsoils were greater for the 
plant-available methods involving total P uptake (total P uptake. Plant 
Index 3 and Plant Index 4) than for the other methods involving only dry 
matter yields (plant weight. Index 1 and Index 2). As stated previously 
(Correlation section), the plants grown on the surface soils did not appear 
to have enough time to completely utilize the available P that had been 
absorbed or some other factor was affecting growth. If so, the methods 
involving dry matter would not measure as well the differences in the 
available P among the surface soils as the total P uptake, the product of 
dry matter, and percentage P in the plant. 
The differences among the regressions of Plant Index 4 on Olsen-
extractable P for the three soil groups are shown in Figure 14. The 
regression for the surface soils differed significantly both in slope and 
elevation from those for the subsoils, but it was markedly influenced by 
the two points mentioned in the Correlation section. The regression coef­
ficients (slopes) for the two subsoil groups did not differ significantly, 
but the elevations of the two regressions did differ significantly. Dif­
ferences, however, between the regressions in the two subsoil groups for 
other plant-available P and extractable P combinations were not consistent. 
Some did not differ in either slope or elevation, others differed only in 
their slopes, and others differed in both. 
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Differences among the regressions indicate that plant-available P was 
higher in the surface soils than in subsoils for a given level of extract-
able P and that this difference increased with level of extractable P. 
Most comparisons show that plant-available P was somewhat higher in the 
south-central than in the southwest subsoils at a given level of extract-
able P; these differences, however, may reflect the moisture imbalance in 
early growth in the southwest subsoils, mentioned previously. 
Relationship between plant-available P and soil pH Because of the 
small number of soils within groups, the effect of soil pH on plant-avail-
able P could not be determined with any precision in this experiment. The 
correlations between plant-available P and pH were somewhat larger for the 
very acid south-central subsoils than for the surface soils or the south­
west subsoils (Table 9), although in no case were these correlations with 
pH significant. 
The relationships between Plant Index 4 and soil pH are shown in Fig­
ure 16 for both subsoil groups. Deletion of Horizon 12-8 changed the rela­
tionship from negative to positive in the southwest subsoils. Deletion of 
the two horizons with pH near 7.0 also would increase the degree of corre­
lation and the slope of the regression. Since the majority of .the observa­
tions were from horizons less than 24 inches deep in the southwest subsoil 
group, the relationship, without Horizon 12-8, agrees with the results in 
Part I in which the correlations were positive between chemically-extract-
able P and soil pH in the horizons less than 24 inches deep and less than 
pH 6.8. 
"Die multiple correlation coefficients (R values) for the regressions 
of plant-available P on both extractable P and soil pH were no higher in 
Table 9. Simple and multiple correlations for the regressions of plant-available P on pH, 
extractable P and the combination of both, corn. Experiment 1 
Soil group. Plant- Soil Bray Olsen Resin 
pH range and available pH P P+pH P P+pH P P+pH 
sample size P method (r) (r) (R) (r) (R) (r) (R) 
Surface soils Plant weight .12 .67* .76 .61 .72 ,60 .73 
4.76-6.50 P uptake .44 .85** .85* .82** .83* .81** .83* 
n=9 Plant Index 2 .24 .80** .86* .76** .84* .71* .81* 
Plant Index 4 .35 .87** .90** . 83** .88* .81** .87* 
South-central subsoils Plant weight .54 .93** .93** .93** .94** .80** .85* 
4.49-5.53 P uptake .52 .93** .94** ,95** .96** .84** .87** 
n=iO Plant Index 2 .49 .90** . 90** .97** .97** .86** . 88** 
Plant Index 4 .44 .87** .87** .94** .94** .84** . 85** 
Sou1:hwest subsoils Plant weight -.46 . 92** .92** .94** .96** .92** .94** 
5.61-6.99 P uptake -.37 .81** .81* .88** .89** .86** .87** 
n=ll Plant Index 2 -.39 .91** .91** .95** .96** .93** .94** 
Plant Index 4 -.32 .74** .74* .87** .87** .87** .87** 
Soulihwest subsoils Plant weight .07 .62* .63 .64* .67 .54 .56 
(HoriJion 12-8 deleted) P uptake .12 .32 .35 .56 .57 .48 .49 
5.68-6.99 Plant Index 2 .22 .56 .62 .75* .76* .67* .67 
n=10 Plant Index 4 .15 .19 .25 .61 .62 .62* .63 
S^ignificant at the 5% level. 
**Significant at the 1% level. 
Figure 16. Regressions of Plant Index 4 (corn) on soil pH, south-central subsoils, and southwest 
subsoils with and without Horizon 12-8, Experiment 1 
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most cases than the simple correlations (r values) between plant-available 
P and extractable P, as shown in Table 9 for four of the plant-available P 
methods. The effect of soil pH on plant-available P will be discussed in 
detail in later sections. 
Greenhouse Experiment 2 
Since the results from some of the southwest Iowa subsoils were dis­
carded in Experiment 1 because of the moisture imbalance within the pots, 
the experiment was repeated to study primarily the P availability to corn 
in southwest Iowa soil profiles, including both surface and subsoil layers. 
Immediately after the completion of the first experiment, 11 addi­
tional profiles were collected from the Ida, Monona, and Marshall series. 
Six additional Marshall surface soils were also collected to increase the 
number of surface soils available for comparisons with the subsoils. Two 
loess-derived surface soils, Tama and Fayette series, from east-central 
Iowa were also included in the study. The soils used in the experiment are 
listed in Table A-6 (Appendix). 
This experiment was designed to study particularly the variations in 
subsoil P availability as related to the pH values of the horizons and to 
compare differences in the P availability of the surface soils and subsoils 
at various levels of chemically-extractable P. It was also possible to 
study more fully the distribution of plant-available P within profiles and 
thus supplement the data obtained in Experiment 1. 
Distribution of plant-available P within the soil profiles As 
shewn in Table A-6 (Appendix)^  the amounts and distribution of plant-avail-
able P varied considerably among the various soil profiles and horizons. 
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In general, however, the distribution pattern was (1) a fairly high level 
of plant-available P in the surface soils, (2) a minimum level in the hori­
zons directly below the plow layer to a depth of about 24 inches, and (3) an 
increasing amount of plant-available P below 24 inches deep, reaching a 
maximum level in the 36-48 inch layer. 
An example of this general distribution of available P was shown pre­
viously in Photograph 1 (Experiment 1) for the Marshall 11 profile. Exam­
ples of P distributions that vary from the general pattern are shown in 
Photographs 6 to 9. Photograph 6 shows the Marshall 20 profile in which 
the two intermediate horizons, 12-18 inches and 24-30 inches, have lower 
levels of plant-available P than that in the surface, but the 42-48 inch 
horizon has a higher level than in the surface soil. Photograph 7 shows 
the growth on three horizons of this profile, both without and with P 
treatment. Photograph 8 shows the Marshall 28 profile, which contains a 
low level of plant-available P in the surface soil but increasing amounts 
in the 30-36 inch and 42-48 inch depths. Photograph 9 shows the corn 
growth without and with P additions for profile 28. 
Correlations between plant-available P and chemicallv-extractable P 
The detailed data for plant weight and total P uptake for the (-P) and (+P) 
treatments, the four plant indexes, and the soil chemical data are given in 
Table A-6 (Appendix). 
To determine if the relationships between plant-available and chemi-
cally-extractable P differed in the surface soils and subsoils in this 
experiment, as they had in Experiment 1, combinations of the various plant 
and chemical methods for the surface soils and subsoils were plotted and 
examined; the relationships did differ in most cases. 
Photograph 6. Growth of corn without applied P on various horizons for 
Marshall profile 20 
Photograph 7. Comparison of corn growth without and with applied P on var­
ious horizons for Marshall profile 20 
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Photograph 8. Growth of corn without applied P on various horizons for 
Marshall profile 28 
Photograph 9. Comparison of corn grown without and with applied P on vari­
ous horizons for Marshall profile 28 
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The relationships between Plant Index 4 and Olsen-extractable P and 
between Plant Index 2 and Resin-extractable P in the surface soils and sub­
soils are illustrated in Figures 17 and 18, respectively. The correlation 
between Plant Index 4 and Olsen-extractable P for all soils combined (r = 
.51) was significant, and that between Plant Index 2 and Resin-extractable 
F for all soils (r = .72) was higher. Most of the points for the subsoils 
in Figure 17 were below those for the surface soils and followed a linear 
pattern, but those for the surface soils deviated more from their regres­
sion line. Differences between the regressions of Plant Index 4 on Olsen-
extractable P for the surface soils and subsoils were then tested; the two 
differed significantly in elevation but not in slope. In contrast, the 
regressions of Plant Index 2 on Resin-extractable P in the surface soils 
and subsoils (Figure 18) differed significantly in slope but not in average 
elevation. 
Since most of the various plant-available and chemlcally-extractable P 
relationships did differ significantly between the surface soils and sub­
soils in this experiment, the two groups were analyzed separately. The 
correlation coefficients are shown in Table 10; the correlation matrices 
for all variables are listed in Table A-7, Appendix. 
Surface soils For all surface soils, the correlations between 
any one of the plant-available P methods and the three chemical methods 
were similar. Uiis effect was expected in the surface soils since the cor­
relation coefficients between extractable P by the Bray and each of the 
other methods were 0.93 and that between the Olsen and Resin methods was 
0.94. 
Figure 17. Regressions of Plant Index 4 (corn) on Olsen-extractable P, surface soils without and 
with Horizons 30-1 and 31-1, southwest Iowa subsoils. Experiment 2 
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Figure 18. Regressions of Plant Index 2 (corn) on Resin-extractable P for surface soils without and 
with Horizons 30-1 and 31-1, southwest Iowa subsoils. Experiment 2 
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Table 10. Correlation coefficients between plant-available and 
chemically-extractable P, corn, surface soils and south­
west subsoils. Experiment 2 
Plant-available Chemical method 
P method Bray Olsen Resin 
Surface soils (n=17) 
Plant weight .85** .84** .79** 
P uptake .61** .61** .58** 
Plant Index 1 .74** .84** .77** 
Plant Index 2 .81** .88** .80** 
Plant Index 3 .40 .47 .41 
Plant Index 4 .46 .52* .46 
Surface soils, horizons 
30-1 and 31-1 deleted (n=15) 
Plant weight .78** .78** .65** 
P uptake, .63* .72** .56* 
Plant Index 1 .69** .90** .78** 
Plant Index 2 .78** .93** .79** 
Plant Index 3 .57* .76** .58* 
Plant Index 4 .61* .79** .61* 
Southwest subsoils (ng20) 
Plant weight .37 .64** .66** 
P uptake .39 . 69** .68** 
Plant Index 1 .52* .91** .89** 
Plant Index 2 .50* .84** .84** 
Plant Index 3 .44* .86** .77** 
Plant Index 4 .52* .91** .87** 
S^ignificant at the 5% level. 
^^ Significant at the 1% level. 
Correlations between plant weight. Index 1 and Index 2, and extract-
able P by each of the chemical methods were higher than those for the other 
plant-available P methods (Table 10). Ihe correlation coefficients aââoci-
ated with plant weight. Index 1, and Index 2 were significantly higher than 
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those associated with Indexes 3 and 4 at or about the 3% level. For exam­
ple, the coefficients for Plant Indexes 2 and 4 and the Olsen method (r = 
.88 and .52, respectively) differed at the .035 level. Since the most 
highly correlated plant-available P methods were Plant Indexes 1 and 2 (r = 
.974) and Plant Indexes 3 and 4 (r - .987), the correlations involving 
one of these pairs will be similar to those involving the other one. 
T5ie distribution of points in Figure 17 shows that the correlation 
between Plant Index 4 and Olsen-extractable P in the surface soils was 
reduced markedly by the relatively low indexes of the two soils with the 
highest levels of extractable P. Deletion of these two observations 
increased the correlations associated with Plant Indexes 3 and 4, decreased 
them for plant weight, and had little effect on the other plant-available P 
methods (Table 10). 
Southwest subsoils For the subsoils in Experiment 2, the cor­
relations between plant-available P by all methods and Bray-extractable P 
were consistently lower than those involving the other chemical methods 
(Table 10). The correlation coefficients associated with the four plant 
indexes and Bray-extractable P were significantly lower than those associ­
ated with the other two chemical methods at about the 5% to the 1% level. 
For example, the coefficients between Plant Index 2 and the Olsen and Bray 
methods (r = .84 and .50) differed at the 5% level. 
The correlations between Bray-extractable P and Olsen- and Resin-
extractable P (r = .66 and .74, respectively. Table A-7, Appendix) indicate 
that the Bray extractant was not removing the same relative amounts of P 
from these subsoils as the other extractants over all P levels and that 
these differences reduced its correlations with the plant-available P meth­
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ods. The extractable P levels by the Olsen and Resin methods were highly 
correlated (r = .96); thus, the correlations between plant-available P and" 
extractable P by these two methods were similar. 
Among the four plant indexes, the correlations between each and 
extractable P by the same method were similar (Table 10). The correlations 
between the plant weight or P uptake and extractable P were consistently, 
but not significantly, lower than those involving the four plant indexes. 
Among the plant-available P methods, hi^  correlations between several of 
them complicated selection of the best method; those with coefficients 
above 0.95 included plant weight and P uptake. Plant Indexes 1 and 2, and 
Plant Indexes 1 and 4 (Table A-7, Appendix). 
The relationships between Plant Index 4 and extractable P by the Bray 
and Resin methods are shown in Figure 19 and that between Plant Index 4 and 
Olsen extractable P was shown in Figure 17 and discussed briefly previ­
ously. As shown by the distributions of the points, the relationship 
between Plant Index 4 and Bray-extractable P was much more variable than 
those involving the other two chemical methods. 
Regression of plant-available P on chemicallv-extractable P Bie 
coefficients for the regressions of plant-available P methods on the chemi­
cal methods are shown in Table 11. The b^  values varied somewhat more from 
their expected values in this experiment than in Experiment 1. The 
expected b^  values for plant weight per pot and total P uptake per pot in 
both soil groups are the amounts in the "check" plants, 0.86 g dry weight 
and 0.74 mg P; those for Plant Indexes 2 and 4 in both soil groups are 0. 
For Plant Index 1, the expected b^  values are 25 and 30 for the surface 
soils and subsoils, respectively; for Plant Index 3, they are 14 and 15 for 
Figure 19. Regressions of Plant Index 4 (corn) on Bray- and Olsen-extractable P, southwest Iowa sub­
soils, Experiment 2 
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Table 11. The bg and b^  values for the regressions of plant-available 
P on chemically-extractable P, corn, surface soils and 
southwest subsoils. Experiment 2 
Plant-available 
P method 
Chemical method 
Olsen Resin 
bo h" to bl* bo bl* 
Surface soils (n=17) 
Plant weight 1.51 0.041 1.55 0.129 1.51 0.039 
P uptake 1.88 0.051 1.91 0.168 1.86 0.051 
Plant Index 1 ~ 37.4 0.54 36.5 2.02 36.3 0.59 
Plant Index 2 21.7 0.75 21.1 2.65 20.9 0.77 
Plant Index 3 31.5 0.34 30.8 1.27 30.9 0.36 
Plant Index 4 22.3 0.44 21.7 1.63 21.8 0.46 
Surface soils, horizons 
30-1 and 31-1 deleted (n»15) 
Plant weight 1.35 0.053 1.38 0.174 1.39 0.047 
P uptake . 1.40 0.088 1.27 0.335 1.38 0.086 
Plant Index 1 34.0 0.79 31.1 3.41 30.6 0.97. 
Plant Index 2 17.1 1.09 14.6 4.31 14.6 1.19 
Plant Index 3 24.9 0.84 21.4 3.71 22.9 0.93 
Plant Index 4 14.8 1.02 11.0 4.39 12.8 1.10 
Southwest subsoils (n=20) 
Plant weight 1.36 0.029 1.01 0.139 0.65 0.076 
P uptake 1.16 0.038 0.68 0.187 0.26 0.198 
Plant Index 1 36.3 0.68 27.3 3.41 20.5 1.74 • 
Plant Index 2 15.2 0.97 4.8 4.44 -5.6 2.37 
Plant Index 3 24.4 0.37 18.9 1.94 16.0 0.93 
Plant Index 4 10.6 0.52 4.3 2.52 -0.56 1.27 
S^ignificance of bj^  coefficients are the same as for the associated 
r values (Table 10). 
the surface soils and subsoils, respectively. For all surface soils, all 
of the bg values were significantly different from their expected values, 
partly caused by the influence of the two soils with the highest levels of 
extractable P (Table 11, Figures 17 and 18). In the subsoils,' the bg val-
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ues were closer to their expected values although most were significantly 
higher than their expected values in the Bray-extractable P relationships, 
and some were significantly less in the Resin-extractable P relationships. 
The observations in Figures 18 and 19 show some deviations from linearity 
in the regressions for both methods ; the curvature tends to be convex in 
the Bray and concave in the Resin relationship. 
The bj^  regression coefficients (slopes of the regression lines) were 
greater for the surface soils with the two horizons deleted than for all of 
the surface soils, particularly those for Plant Indexes 3 and 4 (Table 11). 
Differences between the b^  coefficients of the surface soils and southwest 
subsoils were variable, depending on surface soil group, chemical method, 
and plant-available P method. If one considers that the two observations 
with the relatively low plant-available P and highest extractable P levels 
are not typical of the general population, the slopes (b^  values) for the 
plant-available P methods on Bray- and Olsen-extractable P were higher in 
the surface soils than in the southwest subsoils except for those associ­
ated with Plant Indexes 1 and 2. For the regressions on Resin-extractable 
P, all slopes were equal to or higher in the subsoils than in the surface 
soils. However, the contrast between the bj^  regression coefficients in the 
surface soils and subsoils was much less striking in this experiment than 
in Experiment 1 (Tables 8 and 11). 
Except for the slopes of the regressions involving plant weight which 
were lower in Experiment 1 than in Experiment 2, the slopes of all other 
plant-available P methods for all surface soils were 2 to 3 times higher in 
Experiment 1 than in Experiment 2. However, for the group of surface soils 
without the two observations mentioned previously, only the slopes for 
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Indexes 1 and 2 were considerably higher in Experiment 1 than in this 
experiment. 
For the southwest subsoils, the b^  coefficients associated with the 
four plant indexes were slightly higher to three times higher in Experiment 
2 than in Experiment 1, but those associated with plant weight and P uptake 
were 2 to 6 times higher in this experiment than in the first one. The 
higher coefficients in Experiment 2 probably reflect a more favorable 
growth environment due to the improvement of the moisture balance in the 
pots and a more favorable time of the year for greenhouse growth. 
Relationship between plant-available P and soil pH It is recog­
nized that the solubilities of the various P compounds in the soil are 
influenced by soil pH. For this reason, the relationships between plant-
available P and soil pH, particularly in the subsoil layers, were examined 
in more detail than in Experiment 1 to determine if soil pH influenced the 
plant-available P levels. This was done in two ways; (1) the relation­
ships between plant-available P and pH were determined for the surface 
soils, for all subsoil horizons combined, for the subsoil horizons less 
than 36 inches deep, and for the 42-48 inch layers; and (2) the soil pH and. 
the interaction between pH and extractable F were included as variables 
along with chemically-extractable P in multiple regression equations to see 
if addition of the pH and interaction variables could improve the predic­
tion of plant-available P. 
The correlations between four of the plant-available P methods and 
soil pH are shown in Table 12. For both groups of surface soils, all of 
the plant indexes were correlated with soil pH at or almost at the 5% 
level; the relationships were positive and linear through the pH range of 
Table 12. Simple and multiple correlation coefficients (r and R values) for the regressions of 
plant-available P on pH, extractable P, and combination of both variables, corn. Experi­
ment 2 
Soil group. Plant- pH+ Brav Olsen Resin 
pH range, and available pH PH2 P P+pH P P+pH P P+pH 
sample size P method (r) (R) (r) (R) (r) (R) (r) (R) 
Surfact! soils Plant weight .25 .33 -.85** .87** .84** .84** .79** .79** 
5.03-7.44 P uptake .39 .42 .61** .70** .61** .66* .58* .62* 
n«17 Plant Index 2 .41 .43 .81** .89** .88** .91** .80** .82** 
Plant Index 4 .51* .51 .46 .67* .52 .66* .46 .61* 
Surface soils Plant weight .33 .36 .78** .81** .78** .79** .65** .65* 
(horizons 30-1 P uptake .39 .41 .63* .70* .72** .72* .56* .57 
and 31-1 deleted) Plant Index 2 .55* .55 .78** .90** .93** .93** .79** .81** 
5.03-7.44 Plant Index 4 .51* .51 .61* .74** .79** .79** .61* .64* 
n=15 
Southwest subsoils Plant weight .13 .13 .37 .42 .64** .64* .66** .66** 
5.72-7.14 P uptake .09 .10 .39 .43 .69** .70** .68** .69** 
n=20 Plant Index 2 .20 .28 .50* .59* .84** .84** .84** .84** 
Plant Index 4 .28 .48 .52* .66** .91** .91** .87** .87** 
Southwest subsoils Plant weight .09 .33 .61 .63 .77** .79* .78** .79* 
(horizons 12-36 P uptake .14 .34 .53 .56 .77** .78* .73** .74* 
inches deep) Plant Index 2 .31 .42 .63* .74* .85** .85** .83** .84** 
5.72-6.77 Plant Index 4 .50 .59 .50 .75* .86** .90** .78** .85** 
n=12 
Southwast subsoils Plant weight -.19 -.02 .33 .30 .32 .37 .51 
(horizons 42-48 P uptake -.35 .10 .45 .45 .45 .49 .53 
incties deep) Plant Index 2 -.50 .20 .59 .63 .64 .70* .77 
5.99-7.14 Plant Index 4 -. 7 6* .43 .81 .84** .85* .82* .82 
n=8 
*Signifleant at the 5% level. 
**Significant at the 1% level. 
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5.0 to 7.4 in these observations. Correlations between the plant-available 
P methods and pH for all subsoil horizons were low and non-significant 
(Table 12). 
To examine the plant-available P — soil pH relationship in the south­
west subsoils in more detail. Plant Index 4 was plotted on soil pH and 
shown in Figure 20. Since Plant Index 4 had a negative relationship with 
pH in the observations from the deepest horizons (42-48 inches) in Figure 
20, these horizons and the remainder of the subsoils varying from 12 to 36 
inches deep were analyzed separately. In the 42-48 inch layers, all plant-
available P methods were negatively correlated with soil pH, but only Plant 
Index 4 was significantly correlated with pH; in the 12-36 inch horizons, 
the correlations were positive but not significant (Table 12). 
Since the distribution of points from the 12-36 inch horizons showed 
some curvilinearity, regressions of plant-available P on the quadratic 
function of pH were calculated. Although the addition of the squared vari-
ate for pH had no significant effect on the reduction of the deviations 
from regression, the R values for all plant-available P methods were higher 
than their r values. More observations are needed to test these relation­
ships critically. 
These results are consistent with those presented previously in the 
section on the chemical and morphological characteristics of these soils, 
which showed that in the deepest horizons (42-48 inches), where the Ca-
phosphates predominate, the chemically-extractable P decreased with 
increasing pH. However, at the shallower depths where Fe- and A1-phos­
phates constitute a larger percentage of the total P in the soil, the 
chemically-extractable P generally increased as soil pH increased from 
Figure 20. Regressions of Plant Index 4 (corn) on soil pH for all subsoils, subsoils 12-36 inches in 
depth, and subsoils 42-48 inches in depth. Experiment 2 
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about 5.75 to 6.8. In the subsoils used in this experiment, the correla­
tions between Olsen-extractable P and pH were 0.25, 0.30, and -0.82 for all 
subsoils, 12-36 inch horizons, and 42-48 inch horizons, respectively 
(Table A-7, Appendix). The other chemical methods showed a similar rela­
tionship with pH. 
To determine if the addition of the soil pH variable to the plant-
available P — extractable-P relationship could explain some of the devia­
tions from regression in the simple relationships in both the surface soils 
and southwest subsoils, the multiple regressions of plant-available P on 
extractable P and soil pH and on extractable P, pH and the extractable P x 
pH interaction were determined for all plant-available and extractable-P 
methods. Since the addition of the extractable P x soil pH interaction 
term did not increase the multiple correlation coefficients, only the R 
values for the multiple regressions on extractable P and soil pH are shown 
in Table 12; the simple correlation coefficients (r values) are also shown 
for ease in making comparisons. 
For all surface soils, addition of the pH variable increased the cor­
relation between all plant-available P methods except plant weight and 
extractable P by all methods. However, the pH variable had a significant 
effect (at the 5% level) on the reduction in deviations from regression 
only in the relationships between the four plant indexes and Bray-extract-
able P. For the group of surface soils with the two horizons deleted, the 
pH variable increased the correlations only in the relationships associated 
with Bray-extractable P (Table 12). The combination of soil pH and 
extractable P in the multiple regressions improved the predictive ability 
of the Bray method so that it was nearly as good as the Olsen method. The 
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multiple correlations (R values) associated with the Resin method were less 
than those for the other two methods, particularly in the surface soil 
group with the two horizons deleted. 
For all southwest subsoils, addition of the pH variable significantly 
increased the multiple correlations (R values) over the simple correlations 
(r values) for all of the plant indexes and Bray-extractable P but had no 
effect on the correlations associated with the other two methods (Table 
12). Although the increases in R values over the r. values did not seem to 
2 be large, the R values (the fraction of deviations accounted for by 
2 
regression) were considerably larger than the r values in some cases. For 
example, in the Plant Index 4 -- Bray-extractable P relationship, addition 
2 2 
of the pH variable increased the R to 0.43 from the r of 0.27 in the sim­
ple relationship. The addition of the pH variable to the relationships 
with Bray-extractable P in these southwest Iowa subsoils, however, did not 
improve the predictive ability of the Bray extractant nearly enough to be 
2 
comparable to the other chemical methods; for example, the r for the Plant 
Index 4 — Olsen-extractable P simple relationship was 0.82. 
Multiple regressions of plant-available P on both extractable P and 
soil pH were also determined for the intermediate subsoil horizons (12-36 
inches deep) and the deepest horizons (42-48 inches deep). In the inter­
mediate horizons, addition of the pH variable increased the correlations 
between the four plant indexes and Bray-extractable P more than the 
increases that occurred in all subsoils (Table 12); however, none of these 
R values was as large as those associated with Olsen- and Resin-extractable 
P. For the Olsen and Resin methods, addition of the pH variable increased 
the correlations with Indexes 3 and 4 but had no effect on the other plant-
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available P methods. In the horizons 12-36 inches deep, correlations 
between pH and extractable P by all methods were low (Table A-7, Appendix). 
For the horizons 42-48 inches deep, addition of the pH variable 
increased the correlations between plant-available P and Bray-extractable P 
but had little or no effect on those with the other two chemical methods 
(Table 12). The high negative correlations between plant-available P and 
pH dominated the multiple correlations and regressions involving Bray-
extractable P but not those involving the other two methods. 
Hie effect of including the soil pH variable in the multiple regres­
sion of Plant Index 4 on Bray-extractable P and pH in all southwest sub­
soils is shown in Figure 21. As illustrated by the three regression lines 
for pH 6.0, 6.5, and 7.0, Plant Index 4 increases for a constant Bray-
extractable P value as the pH increases, or, conversely, to maintain a con­
stant plant-available P level, as measured by Plant Index 4, the Bray-
extractable P levels decrease as the soil pH increases from 6.0 to 6.5 to 
7.0. For example, a Plant Index 4 level of 20 is associated with Bray-
extractable P levels of 8 ppm at pH 7.0, 14.5 ppm at pH 6.5, and 21 ppm at 
pH 6.0. This effect of pH on interpretation of Bray values indicates that 
at higher pH values in these subsoils (pH range of 5.7 to 7.1), the Bray 
method extracts less plant-available P relative to the amounts extracted at 
the lower pH levels. This effect, probably due to the lower solubility of 
the Ca-phosphates in the Bray extractant than in the other two extractants 
as the pH increases, thus decreases the correlations between plant-avail­
able P and Bray-extractable P. The decreasing solubility of subsoil P in 
the Bray extractant as pH increases was also shown by the increasing ratio 
of Olsen- to Bray-extractable P with increasing pH, discussed in Part I. 
Figure 21. Influence of soil pH on the regressions of Plant Index 4 (corn) 
on Bray-extractable P, southwest Iowa subsoils, Experiment 3 
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Since the pH variable included with the Bray-extractable P variable could 
not improve the relationship with plant-available P enough to be comparable 
to the high predictive ability of Olsen or Resin method, some other factor 
or factors must also be limiting the effectiveness of the Bray method at 
the pH levels in these subsoils. 
In summary, the Bray and Olsen chemical methods were about equally 
effective for predicting plant-available P in the surface soils in this 
experiment, particularly in the multiple regressions including both pH and 
extractable P. The Resin method was less effective in the surface soils 
than the other two methods. In the subsoils, the Olsen and Resin methods 
were both superior to the Bray method for predicting levels of plant-avail-
able P. Of the plant-available P methods used in the subsoils, the four 
plant indexes had similar correlations with chemical methods and had 
higher, but not significantly higher, coefficients than those for plant 
weight and total P uptake. The plant-available P methods were positively 
correlated with pH (within the range of experimental observations) in the 
surface soils and in the subsoil layers to 36 inches deep. In the deepest 
layer, 42-48 inches deep, all plant-P methods were negatively correlated 
with pH. These changing relationships with depth are probably related to 
changing forms of soil P from the Fe- and Al-phosphates to the Ca-phos-
phates as depth and soil pH increase. The relative ineffectiveness of the 
Bray method in these subsoils is related to the increasing pH; including 
the pH variable along with Bray-extractable P improved the relationship 
between plant-available P and Bray P but could not bring the degree of cor­
relation up to that obtained with either the Olsen or Resin method. 
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Greenhouse Experiment 2 
The main objectives of this experiment were to study further how soil 
pH affects the availability of subsoil P to plants, to continue the study 
of the variations in the plant-available P in southwest Iowa subsoils, and 
to compare the availability of subsoil P to two different crop plants, corn 
and alfalfa. As in previous experiments, the plant-available P and chemi-
cally-extractable P methods were correlated to determine which methods were 
most effective for predicting plant-available P in the subsoils. 
Sixteen subsoil horizons from seven southwest Iowa soil profiles and 
six horizons from three south-central and east-central Iowa soil profiles 
were used in the experiment. These soils were horizons from profiles col­
lected previously but which had not been utilized in either Experiments 1 
or 2. The soil chemical data and the plant weight, total P uptake, and the 
four plant indexes for the soil horizons used in Experiment 3 are shown in 
Table A-6 (Appendix). 
Corn Only limited information could be obtained on differences 
among soil series since only two soil series were represented by more than 
one profile. The largest amounts of plant-available P were obtained from 
the Fayette and Kniffiri subsoil horizons; the horizons from the Sharpsburg, 
Marshall, Monona, and Tama series had lower levels of plant-available P. 
Considerable variation occurred, however, among the four Marshall and two 
Monona profiles. As in previous experiments, both the plant-available P 
and chemically-extractable P levels were generally greatest in the deepest 
soil horizons. The exception was Monona profile 15 where free carbonates 
encountered at depths greater than 30 inches reduced the levels of both the 
plant-available and extractable P. 
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Correlations between plant-available and chemically-extractable P 
The correlation coefficients between plant-available and chemically-extract-
able P methods are shown in Tables 13 and 14; the correlation matrices for 
all comparisons between pH, extractable P, and plant-available P are given 
in Table A-7 (Appendix). 
Southwest subsoils Simple correlations between plant-
available P and extractable P were calculated for the following groups of 
horizons: (1) all 16 horizons, (2) all except the two which had pH greater 
than 6.8, (3) all except the four horizons which had pH less than 6.0, and 
(4) the 10 horizons in the range of pH 6.0 to 6.8. Hie r values for these 
four groups are shown in Table 13. 
For all four groups of horizons, the simple correlations between 
plant-available P and chemically-extractable P were less (but not signifi­
cant at the 5% level) with the Bray method than with the Olsen and Resin 
methods. Correlations were similar among all of the plant-available P 
methods except Plant Indexes 1 and 3 and each of the chemical methods; 
since plant weight, P uptake, Plant Index 2, and Plant Index 4 were highly 
intercorrelated (Table A-7, Appendix), similar correlations between these 
and the chemical methods were expected. The relationships between Plant 
Index 4 and extractable P by the Bray and Olsen methods are shown for all 
observations in Figures 22A and 22B. 
The smaller correlations with Plant Index 1 and negative correlations 
associated with Plant Index 3 in Subsoil Groups 1 and 3 (Table 13) were 
caused primarily by the small growth and P uptake of the (+P) treatments 
from Horizons 15-5 and 15-7, the two horizons above pH 6.8. The limited 
growth and P uptake caused high values in Indexes 1 and 3 but did not cause 
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Table 13. Correlation coefficients (r values) between plant-available 
and chemically-extractable F, corn, southwest subsoils. 
Experiment 3 
Chemical and plant-
available P method 
Subsoil group® 
1 2 3 4 
Bray 
Plant weight .54* .36 .72** .58 
P uptake .48 .30 .61* .42 
Plant Index 1 .11 .30 .24 .46 
Plant Index 2 .50* .36 .66* .54 
Plant Index 3 -.33 .25 -.40 .30 
Plant Index 4 .48 .32 .60* .42 
Olsen 
Plant weight .62** .55* .78** .70* 
P uptake .73** .70** .83** .79** 
Plant Index 1 .54* .73** .47 .73* 
Plant Index 2 .68** .66** .76** .75* 
Plant Index 3 -.07 .67** -.32 .59 
Plant Index 4 .73** .70** .80** .75* 
Resin 
Plant weight .67** .54* .90** .84** 
P uptake .70** .59* .85** .77** 
Plant Index 1 .33 .61* .30 .66* 
Plant Index 2 .69** .60* .85** .78** 
Plant Index 3 -.16 .62* -.35 .59 
Plant Index 4 .71** .62* .83** .75* 
Group 1 — all horizons (n=16). 
Group 2 -- ail except horizons 15-5 and 15-7 which.had pH values 
above 6.8 (n=14). 
Group 3 -- ail except horizons 10-3, 10-5, 31-5 and 31-7 which 
had pH values below 6.0 (n=12). 
Group 4 -- ail except horizons deleted in Groups 2 and 3 (n=10). 
S^ignificant at the 5% level. 
**Significant at the 1% level. 
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Table 14. Correlation coefficients (r values) between plant-available and 
chemically-extractable P, corn, south-central and east-central 
subsoils. Experiment 3 
Plant-available 
P method 
Chemical method 
Bray Olsen Resin 
Plant weight .62 .82* 00
 
P uptake .76 .93** .91* 
Plant Index 1 .63 .83* .79 
Plant Index 2 .62 .83* 
00 
Plant Index 3 .70 .80 .80 
Plant Index 4 .73 .90* .88* 
a^nge of pH values -- 5.13 to 6.32; number of horizons — 6. 
*Significant at the 5% level. 
**Significant at the 1% level. 
Indexes 2 and 4, which are corrected for the "check" values, to deviate 
markedly from the trends of the other observations. 
For all plant-available P methods, except Plant Indexes 1 and 3, dele­
tion of the horizons with pH greater than 6.8 decreased the correlations 
with the Bray method most markedly and those with the Olsen method least 
markedly (Group 2 vs Group 1 and Group 4 vs Group 3, Table 13). Since only 
two horizons were above pH 6.8, these trends must be interpreted with cau­
tion. Deletion of the horizons with pH less than 6.0 increased the corre­
lations (except for Indexes 1 and 3) with the Bray and Resin methods about 
equally and least affected those with the Olsen method (Group 3 vs Group i 
and Group 4 vs Group 2). 
Figure 22. Regressions of Plant Index 4 (corn) on Bray- (22A) and Olsen 
extractable P (22B), southwest Iowa subsoils, Experiment 3 
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In summary, the Bray method was less effective than the Olsen or Resin 
method for predicting plant-available P for corn in southwest Iowa sub­
soils, based on the simple correlations. For comparisons of the correla­
tion coefficients among the subsoils grouped by pH ranges, the relation­
ships with the Olsen method appear to be least affected and those with the 
Bray method most affected by variations in soil pH. 
South-central and east-central subsoils Ihe correlations 
between plant-available P and extractable P by the Bray method were 
slightly, but not significantly, less than those associated with the other 
methods (Table 14). The soil pH values were lower in this group of soils 
(pH 5.1 to 6.3) than in the southwest subsoils (pH 5.7 to 7.8). Most of 
the plant-available P methods were very highly intercorrelated; extract-
able-P levels by the Olsen and Resin methods were also highly correlated 
(Table A-7, Appendix). These soils will be combined with similar soils 
used in Experiment 1 and 4, and the combined analyses will be presented in 
the General Discussion section. 
Regressions of plant-available P on chemicallv-extractable 2 
The regression coefficients for the plant-available P methods on extract-
able P by the three chemical methods are given in Table 15 for all of the 
southwest Iowa subsoils (Subsoil Group 1, n = 16) and for those in the pH 
range of 5.68 to 6.80 (Subsoil Group 2, n = 14). Most of the b^  values for 
plant weight and P uptake were similar to the "check" values in this exper­
iment -- 1.03 g dry weight and 0.85 mg P. Expected bg values for Plant 
Indexes 2 and 4 are 0. Those for Plant Indexes 1 and 3 are 31 and 10 for 
all observations and 29 and 8 for those in the narrower pH range. For the 
regressions involving all horizons, only the b^  values for Plant Index 3 
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Table 15. The bg and bi values for the regressions of plant-available 
P on chemically-extractable P, corn. Experiment 3 
Chemical method 
Plant-available Bray Olsen Resin 
P method bg b%^  bg b^  ^ bg b^ * 
Southwest subsoils (n=16) 
Plant weight 1.04 0.022 0.99 0.071 0.92 0.036 
P uptake 0.95 0.024 0.77 0.102 0.74 0.046 
Plant Index 1 35.5 0.11 28.8 1.52 31.7 0.43 
Plant Index 2 1.7 0.66 -1.8 2.55 -3.3 1.21 
Plant Index 3 17.1 -0.18 14.7 -0.11 15.7 -0.12 
Plant Index 4 1.6 0.20 0.01 0.86 -0.25 0.39 
Southwest subsoils, pH 
range of 5.68-6.80 fn=14) 
Plant weight 1.21 0.014 1.11 0.058 1.07 0.027 
P uptake 1.15 0.014 0.87 0.091 0.88 0.037 
Plant Index 1 30.7 0.32 24.0 2.10 24.4 0.85 
Plant Index 2 5.5 0.49 -0.24 2.44 -0.79 1.07 
Plant Index 3 11.6 0.078 9.7 0.56 9.5 0.25 
Plant Index 4 3.0 0.13 0.66 0.79 0.54 0.34 
South-central and east-
central subsoils (n=6) 
Plant weight 1.23 0.018 1.11 0.088 0.98 0.041 
P uptake 1.02 0.030 0.89 0.136 0.64 0.065 
Plant Index 1 34.1 0.45 31.3 2.20 27.8 1.03 
Plant Index 2 7.8 0.64 3.4 3.21 -1.6 1.50 
Plant Index 3 13.3 0.16 12.9 0.70 11.5 0.35 
Plant Index 4 3.2 0.25 2.0 1.14 -0.01 0.55 
S^ignificance levels of the b- coefficients are the same as for the 
associated correlation coefficients (Tables 13 and 14). 
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had much deviation from the expected. In the narrower pH range, only the 
bg values for the regressions of plant weight and P uptake on the Bray 
method varied considerably from their expected values. 
Except for Plant Indexes 1 and 3, whose variable behavior was noted 
previously, the b^  values (slopes of the regressions) of the other plant P 
methods for all observations from the southwest subsoils were only one-
third to two-thirds as high as those in Experiment 2 but were similar to 
those in Experiment 1. For the group having the narrower pH range, the bj^  
values were slightly less than those for all observations, except for 
Indexes 1 and 3. 
Too few observations from the south-central and east-central subsoils 
limit comparisons between regressions. The b^  values (Table 15) were close 
to the expected values in most of the regressions; expected values for 
Plant Indexes 1 and 3 are 33 and 10, respectively, and the others are the 
same as for the southwest subsoils. The slopes of the regressions (b^  val­
ues) were, in general, slightly greater for the same plant-available P 
(except Plant Indexes 1 and 3) and extractable P combination in these soils 
than in the group of all southwest subsoils. 
Plant-available P and soil pH As was done in the preceding 
experiments, the plant-available P and soil pH relationships were deter­
mined by (1) calculating the simple correlations between plant-available P 
and soil pH and (2) calculating multiple regressions of plant-available P 
on both chemically-extractable P and soil pH. A major objective was to 
determine if inclusion of the pH variable could improve the prediction of 
plant-available P from the extractable P levels. For the southwest Iowa 
subsoils, the relationships between plant-available P and the combinations 
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of pH and extractable P were calculated for the four subsoil groups that 
were listed previously in the correlation section and Table 13 and for all 
plant-available P methods except Indexes 1 and 3. The multiple regressions 
included plant-available P on the quadratic function of pH, on the two lin­
ear variables (extractable P and pH), and on the two linear variables plus 
their interaction (extractable P, pH, and pH x extractable P). TUxe simple 
and multiple correlation coefficients (r and R values) are given in Table 
16. 
For Subsoil Groups 1 and 3 which included the horizons greater than pH 
6.8, the simple correlations between plant-available P and soil pH were low 
and negative (first data column. Table 16). In contrast, the correlations 
between plant-available P and pH were positive with a few approaching sig­
nificance for Subsoil Groups 2 and 4 in which horizons above 6.8 were 
excluded. 
The effects of the two horizons above pH 6.8 on the relationships 
between Plant Index 4 and soil pH are illustrated in Figure 23. Over the 
entire pH range (Subsoil Group 1), the simple correlation between Plant 
Index 4 and pH was nil (r = -.05); deletion of the two horizons above pH 
6.8 (Subsoil Group 2) increased the r value to 0.57. The curvilinear dis­
tribution of the points in Figure 23 shows that Plant Index 4 increased as 
the pH increased to about pH 6.8 and then decreased as the pH increased 
further. The curvilinear effects of soil pH on plant-available P are shown 
by the quadratic function of pH in Figure 23 for Subsoil Group 1 in which 
the squared variate was significant at the 5% level and by the R values in 
Table 16r For Subsoil Group 2. the R values compared to the r values indi­
cated some deviation from linearity in the relationships, but these devia-
Table 16. Simple and multiple correlation coefficients (r and R values) for the regressions of 
plant-available P on pH, extractable P and combinations of both variables, corn, 
southwest subsoils. Experiment 3 
Bray Olsen Resin 
Subsoil group,® Plant pH+ P+ P+pH P+ P+pH P+ P+pH 
pH range and available pH pH^  P pH +PxpH P pH +PxpH p pH +PxpH 
sample size P method (r) (R) (r) (R) (R) (r) (R) (R) (r) (R) (R) 
1 Plant weight — .26 .52 .54* .54 .74* .62** .69* .70* .67** .70* .83** 
5.68-7.80 P uptake -. 12 .53 .48 .49 .75* .73** .75** .77** . 70** .70* .87** 
11=16 Plant Index 2 -.08 .45 .50* .52 .71* .68** .69* .70* .69** .69* .82** 
Plant Index 4 -.05 .54 .48 .51 .76* .73** .74** .76* .71** .71** .87** 
2 Plant weight 
5.<>8-6,80 P uptake 
11=14 Plant Index 2 
Plant Index 4 
35 .43 .36 .52 .73* .55* .56 .58 .54* .55 .80* 
52 .62 .30 .62 .75* .70** .70* .77* .59* .64* .86** 
48 .54 .36 .62 .79* .66** .67* .70 .60* .63 .83** 
57* .65* .32 .67* .78* .70** .71* .76* .62* .69* .85** 
6.08-7.80 
11=12 
Plant weight 
P uptake 
Plant Index 2 
Plant Index 4 
-.35 .59 .72** .73* .84* .78** .78** .79* . 90** .90** .91** 
-.24 .61 .61* .63 .82* .83** . 83** .83* .85** .86** .92** 
-.23 .49 .66* .70* .79* .76** .76* .78* .85** .86** .87** 
-.20 .60 .60* .64 .83* .80** .81** .81* .83** .85** .90** 
6.08-6.80 
1=12 
Plant weight 
P uptake 
Plant Index 2 
Plant Index 4 
42 .43 .58 .86** .89* .70* .72 .78 .84** .86** .86* 
57 .61 .42 .85** .89* .79** .84* .84* .77** .85** .88* 
46 .49 .54 .86** .88* .75* .76* .80 .78** .82* .83* 
59 .62 .42 .87** .90* .75* .81* .82 .75** .84* .86* 
Subsoil groups 1 to 4 arç the same as listed in the footnote in Table 13, 
S^ignificant at the 5% level. 
**Significant at the 1% level. 
Figure 23. Regressions of Plant Index 4 (corn) on the linear (without and 
with the two horizons greater than pH 6.8) and the quadratic 
functions of soil pH, southwest Iowa subsoils. Experiment 3 
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tîons were not significantly different as they were in Subsoil Groups 1 and 
3. These results agree with the data shown in Part I, Table 5, where the 
horizons of intermediate depth with pH less than 6.8 showed positive corre­
lations between extractable P and pH, and those greater than pH 6.8 showed 
negative correlations. 
The correlations between the plant-available P methods and soil pH 
were low (r = .14 to .20) for the south-central and east-central subsoils. 
Since only 6 horizons from these soils were included in Experiment 3, no 
further analyses of the relationships with pH can be made. 
Multiple correlations (R values) for the multiple regressions of 
plant-available P methods on both extractable P and pH were next calculated 
for the four subsoil groups. For ease of comparison, the simple coeffi­
cients from Table 13 are listed adjacent to the corresponding R values in 
Table 16. 
In Subsoil Groups 2 and 4, those excluding the horizons with pH 
greater than 6.8, the multiple correlations between plant-available P, and 
the combination of only Bray-extractable P and soil pH were markedly higher 
than the simple correlations without the pH variable. In most of these 
multiple regressions, addition of pH significantly reduced (at the 5% to 1% 
level) the deviations from regression. Addition of the pH variable had 
little effect on the correlations involving the Olsen method and generally 
a slight effect on those with the Resin method. In Subsoil Groups 1 and 3, 
those including the two horizons greater than pH 6.8, addition of the pH 
variable had little effect on the correlation coefficients between any of 
the plant-available P and chemical P methods. 
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Next, the variable for the interaction between pH and extractable P on 
the plant-available P level was included in the multiple regressions. This 
interaction term markedly increased the R values above those of the two-
variable regressions (pH and extractable P) for both the Bray and Resin 
methods in Subsoil Groups 1 and 2 and for the Bray method only in Group 3 
(Table 16). Addition of the interaction term had little effect on the cor­
relations involving the Olsen method. Addition of the pH variable and its 
interaction with extractable P to the simple regressions improved the pre­
diction of plant-available P from Bray-extractable P to the point that the 
Bray method was as good or slightly better than the Olsen method. The R 
values for the three-variable multiple regressions associated with the 
Resin method were higher than the R values for the other two methods in all 
groups except Subsoil Group 4. 
The effect of soil pH and its interaction with Bray-extractable P on 
the relationship between Plant Index 4 and Bray P is illustrated in Fig­
ure 24 for the observations in Subsoil Group 2. For a constant level of 
Bray-extractable P, plant-available P increases as the pH increases. Ihe 
differences between plant-available P as the pH increases become larger as 
the level of Bray-extractable P increases; this is due to the positive 
interaction between pH and Bray P on Plant Index 4. 
The higher R values for Subsoil Groups 3 and 4 (horizons less than pH 
6.0 deleted) than for Groups 1 and 2 in the three-variable regressions for 
the Bray and Olsen methods (Table 16) are probably caused by deviations, 
not associated with soil pH, in 1 or 2 of the observations below pH 6.0. 
Although the r values were higher in Subsoil Groups 3 and 4 than in Groups 
1 and 2 for all methods, addition of pH and its interaction with extract-
Figure 24. Influence of soil pH and the pH x extractable P interaction on 
the regressions of Plant Index 4 (corn) on Bray-extractable P, 
southwest Iowa subsoils (pH range 5.68-6.80), Experiment 3. 
Area enclosed in dotted lines shows ranges of observed values 
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able P accounted for these differences with the Resin method and for much 
of the differences with the Bray method. 
Additional multiple regressions were calculated for Subsoil Group 1 in 
2 
which the squared term for pH (pH ) was included. The average R value for 
all four plant-available P methods was increased to 0.80 and 0.89 for the 
Bray and Resin P methods, respectively, but was not increased for the Olsen 
2 
method. The significance of the pH variable ranged from the .05 to the 
.16 level in the regressions on Bray and Resin P, indicating that the cur­
vilinear effect of pH on the plant-available P — extractable P relation­
ships should be determined if observations include calcareous subsoils. 
In summary, addition of variables for soil pH and its interaction with 
Bray-extractable P markedly increased the ability of the Bray method to 
predict plant-available P for corn, particularly in the acid southwest sub­
soils (Groups 2 and 4). Addition of the interaction term increased the R 
values markedly in some cases over those associated with the two-variable 
multiple regressions on pH and extractable P for both the Bray and Resin 
methods. For plant-available P on Glsen-extractable P, addition of pH and 
its interaction term had a slight to no effect on the correlation coeffi­
cients. 
The results from this experiment show that the Bray method is more 
sensitive to soil pH variations than the other methods in the pH range 
below neutral. It has been widely recognized that the Bray method was 
inferior to the Olsen method in neutral to calcareous soils. These results 
and those from the previous experiments based on the simple correlations 
indicate that the Bray method is also inferior for predicting plant-avail-
able P in the acid southwest subsoils; however, the inclusion of the pH 
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variable and its interaction with extractable F in a multiple regression 
may improve the predictive value of the Bray method so that it may be as 
good or nearly as good as the other methods. The effect of pH on the 
plant-available P -- Bray-extractable P relationships was more marked in 
this sample of subsoils than in those used for Experiments 1 and 2. 
Alfalfa For the subsoils having pH values less than 6.0, growth of 
alfalfa on the (-P) treatments was poor (Table A-6, Appendix). Growth on 
the (+P) treatments, however, was only slightly below the average for all 
soils. The poor growth of the (-P) plants on the more acid soils probably 
was due to soil acidity. An infestation of red spider mites also reduced 
the plant vigor; control of these mites was never completely successful. 
Correlations between plant-available and chemicalIv-extractable 2 
The correlation coefficients between plant-available and extractable P 
methods for alfalfa are shown in Tables 17 and 18; the correlation matrices 
for all comparisons between pH, extractable P, and plant-available P are 
given in Table A-7 (Appendix). 
Southwest subsoils The simple correlations between 
plant-available and extractable P were calculated for the following groups 
of horizons: (1) all 16 horizons, (2) all except the two with pH greater 
than 6.8, (3) all except the four horizons with pH less than 6.0, and 
(4) the 10 horizons in the range of pH 6.0 to 6.8. The r values for the 
four groups are shown in Table 17. 
For all subsoil groups, the simple correlations between plant-avail-
able and extractable P were considerably less with the Bray method than 
with the Olsen and Resin methods. For some comparisons between the bray 
and Olsen methods, the differences between the r values were significant at 
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Table 17. Correlation coefficients (r values) between plant-available and 
chemically-extractable P, alfalfa, southwest subsoils. Experi­
ment 3 
Chemical and plant- Subsoil group 
available P method 1 2  2  
Bray 
Plant weight .44 .35 .63* .49 
P uptake .40 .31 .55 .40 
Plant Index 1 .43 .35 .57* .42 
Plant Index 2 .43 .34 .59* .43 
Plant Index 3 .45 .37 .61* .47 
Plant Index 4 .45 .37 .62* .47 
Olsen 
Plant weight .76** .74** .73** .66* 
P uptake .68** .66** .63* .53 
Plant Index 1 .82** .81** .80** .76** 
Plant Index 2 .82** .81** .81** .76** 
Plant Index 3 .75** .73** .70** .61 
Plant Index 4 .76** .74** .72** .62 
Resin 
Plant weight .68** .64* .73** .61 
P uptake .64** .60* .66* .53 
Plant Index 1 .72** .70** .74** .64* 
Plant Index 2 .71** .68** .75** .65* 
Plant Index 3 .70** .68** .71** .62 
Plant Index 4 .70** .68** .73** .62 
*Group 1 — all horizons (n=l6). 
Group 2 — all except horizons 15-5 and 15-7 which had pH values 
above 6.8 (n=l4). 
Group 3 -- all except horizons 10-3, 10r5, 31-5 and 31-7 which 
had pH values below 6.0 (n=12). 
Group 4 — all except the horizons deleted in Groups 2 and 3 (n=10). 
*Significant at the 5% level. 
**Significant at the 1% level. 
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Table 18. Correlation coefficients (r values) between plant-
available and chemically-extractable P, alfalfa, 
south-central and east-central subsoils, Experiment 3^  
Plant-available Chemical method 
P method Bray Olsen Resin 
Plant weight .76 .59 .68 
P uptake .77 .66 .73 
Plant Index 1 .80* .63 .72 
Plant Index 2 .77 .64 .71 
Plant Index 3 .78 .55 .66 
Plant Index 4 .78 .62 .71 
®Range of pH values — 5.13 to 6.32; number of horizons — 6. 
* Significant at the 5% level. 
the 5% level. Correlations were similar among all of the plant-available P 
methods, particularly those of Plant Indexes 1 and 2 and those of Plant 
Indexes 3 and 4. All of the plant-available P methods were very highly 
intercorrelated (Table A-7, Appendix). Since the correlations between 
Plant Indexes 1 and 2 and between Indexes 3 and 4 were essentially unity 
(r = .998 to .999), corrections for growth and P uptake in "check" plants 
in Plant Indexes 2 and 4 are not needed for alfalfa. The relationships 
between Plant Index 4 and extractable P by the Bray and Olsen methods are 
shown for all observations in Figures 25A and 25B. 
For all plant-available P methods, deletion of the horizons greater 
than pH 6.8 reduced the correlations slightly with the Bray method and none 
to slightly with the Olsen and Resin methods (Subsoil Group 2 vs 1 and Sub­
soil Group 4 vs 3, Table 17). Deletion of the horizons less than pH 6.0 
increased the correlations with the Bray method but had no effect or 
Figure 25. Regressions of Plant Index 4 (alfalfa) on Bray- (25A) and Olsen 
extractable P (25B), southwest Iowa profiles, Experiment 3 
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decreased slightly the correlations with the Olsen and Resin methods (Sub­
soil Group 3 vs 1 and Subsoil Group 4 vs 2). 
In summary, the Bray method was considerably less effective than the 
Olsen or Resin method for predicting plant-available P for alfalfa in 
southwest Iowa subsoils, as shown by the simple correlations. From compar­
isons of the r values among the subsoil groups by pH ranges, variations in 
soil pH generally affected the relationships very little with the Olsen 
method but considerably with the Bray method. These results are generally 
consistent with those found for corn in this experiment. 
South-central and east-central subsoils The correlations 
between plant-available and extractable P by the Bray method were slightly, 
but not significantly, higher than those associated with the other two 
methods (Table 18). The soil pH values were lower in this group of sub­
soils (pH 5.1 to 6.3) than in the southwest subsoils (pH 5.7 to 7.8). 
Although average extractable P values were higher for this group than for 
the southwest subsoils, the average plant weight and P uptake values of the 
(-P) treatment were only about half of those for the southwest subsoils. 
This indicates that soil acidity was limiting the alfalfa growth on most of 
these acid subsoils. 
Regressions of plant-available P on extractable P The regres­
sion coefficients for the plant-available P methods on extractable P are 
given in Table 19 for all southwest subsoils (n = 16) and for those in the 
pH range of 5.7 to 6.8 (n = 14). The b^  values associated with the Bray 
method were near or more than their expected values, but those for the 
Olsen and Resin methods were consistently less than their expected values. 
The expected b^  values for plant weight and P uptake are 0.09 g dry weight 
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Table 19. The bg and bj^  values for the regressions of plant-available 
P on chemically-extractable P, alfalfa. Experiment 3 
Chemical method 
Plant-available Bray Olsen Resin 
P method ~b^  b^  ^ b^ j bp^  bg b^ * 
Southwest subsoils (h=16) 
Plant weight 0.10 0.012 -0.03 0.059 -0.03 0.025 
P uptake 0.12 0.022 -0.11 0.104 -0.12 0.046 
Plant Index 1 13.1 1.25 -3.9 6.71 -2.2 2.76 
Plant Index 2 2.7 1.41 -16.6 7.58 -14.4 3.08 
Plant Index 3 5.0 0.59 -1.2 2.83 -1.3 1.23 
Plant Index 4 1.2 0.65 -5.4 3.07 -5.4 1.33 
Southwest subsoils, pH range 
of 5.68-6.80 (n=l4) 
Plant weight 0.13 0.011 -0.04 0.062 -0.04 0.026 
P uptake 0.19 0.019 -0.12 0.108 -0.14 0.047 
Plant Index 1 16.1 1.11 -6.0 7.09 -5.5 2.95 
Plant Index 2 6.8 1.21 -18.5 7.94 -17.1 3.24 
Plant Index 3 5.8 0.55 -1.9 2.95 -3.2 1.34 
Plant Index 4 2.7 0.57 -5.7 3.15 -6.7 1.40 
South-central and east-
central subsoils (n=6) 
Plant weight 0.07 0.003 0.09 0.008 0.06 0.005 
P uptake 0.07 0.005 0.09 0.015 0.05 0.008 
Plant Index 1 8.1 0.47 10.7 1.38 6.5 0.77 
Plant Index 2 -3.0 0.47 0.92 1.48 -5.2 0.81 
Plant Index 3 2.8 0.19 4.2 0.51 2.4 0.30 
Plant Index 4 0.70 0.19 0.37 0.57 
-1.4 0.32 
S^ignificance level of bj^  coefficients are the same as the associated 
correlation coefficients (Tables 17 arid 18). 
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0.09 mg P, those for Plant Indexes 2 and 4 are 0, and those for Plant 
Indexes 1 and 3 are about 13 and 3, respectively. The under-estimation of 
the bg values for the regressions with the Olsen and Resin methods appears 
to be caused by the low plant-available P values of the more acid soils and 
those above pH 6.8 and also by some convex curvilinearity in the plant-
available — extractable P relationships. 
The bj^  values (slopes of the regressions) were similar for comparable 
plant-available and extractable P methods in both groups of southwest sub­
soils (Table 19). 
For the south-central and east-central subsoils, the bg values (Table 
19) were close to their expected values in most of the regressions; 
expected values for Plant Indexes 1 and 3 are about 12.5 and 3.5, respec­
tively, and the others are the same as for the southwest subsoils. The 
slopes of the regressions (b^  values) were considerably less than compara­
ble ones for the southwest subsoils, thus showing less response to 
increased amounts of extractable soil P. This was caused by the much 
poorer growth and less P uptake from these acid subsoils than from the 
southwest subsoils. 
Plant-available P and soil pH The relationships between 
plant-available P and soil pH were determined by (1) calculating the linear 
and curvilinear effects of pH on plant-available P and (2) calculating the 
multiple regressions of plant-available P on both chemically-extractable P 
and soil pH. 
The simple and multiple correlations between four of the plant-avail­
able P methods and soil pH are shown in the first two data columns of Table 
20 for the four groups of southwest subsoils. For Subsoil Groups 1 and 3, 
Table 20. Simple and multiple correlation coefficients (r and R values) for the regressions of 
plant-available P on pH, extractable P and combinations of both variables, alfalfa, 
southwest subsoils. Experiment 3 
Subsoil group,® 
pH range and 
sample size 
Plant 
available 
P method 
pH 
(r) 
PH± 
PH^  
(R) 
Bray Olsen Resin 
P 
(r) 
P+ 
pH 
(R) 
P+pH 
+PxpH 
(R) 
P 
(r) 
P+ 
pH 
(R) 
P+pH 
+PxpH 
(R) 
P 
(r) 
P+ 
PH 
(R) 
P+pH 
+PxpH 
(R) 
1 Plant weight .18 .64* .44 .60 .81** .76** .76** .76* .68** .73** .80** 
5.<i8-7.80 P uptake .19 .62* .40 .57 .76* .68** .69* .69* .64** .69* .77* 
n=16 Plant Index 1 .21 .65* .43 .61* .82** .82** .83** .83** .72** .77** .84** 
Plant Index 3 .22 .67* .45 .64* .83** .75** .76** .76* .70** .76** .81** 
2 Plant weight .67** .67* .35 .78** .85** .74** .78** .78* .64* .76** .78* 
5 .'58-6.80 P uptake .66** .67* .31 .76** .80* .66** .73* .73* .60* .73* .75* 
a=14 Plant Index 1 .68** .68* .35 .79** .86** .81** .84** .84** .70** . 80** .83** 
Plant Index 3 .67** .67* .37 .80** .85** .73** .78** .78* .68** .79** .80* 
3 Plant weight -.26 .47 .63* .65 .74 .73** .73* .74 .73** .73* .75 
6.08-7.80 P uptake -.21 .46 .55 .58 .69 .63* .63 .63 .66* .67 .70 
n=12 Plant Index 1 -.22 .48 .57* .60 .75 .80** .80** .80* .74** .74* .79* 
Plant Index 3 -.23 .48 .61* .63 .76 .70** .70* .70 .71** .72* .74 
4 Plant weight .35 .47 .49 .72 .75 .66* .67 .70 .61 .64 .64 
6.08-6.80 P uptake .41 .52 .40 .69 .70 .53 .57 .64 .53 .59 .59 
n=10 Plant Index 1 .41 .53 .42 .71 .78 .76** .77* .77 .64* .68 .73 
Plant Index 3 .36 .47 .47 .71 .75 .61 .62 .65 .62 .64 .66 
S^ubsoil groups 1 to 4 are the same as listed in the footnote in Table 17. 
*Signifleant at the 5% level. 
**Slgnifleant at the 1% level. 
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which include the two horizons with pH greater than 6.8, the simple corre-
2 lations were very low and non-significant. Addition of the pH variable 
markedly increased the correlations (R values compared to the r values) for 
Subsoil Group 1 and increased the correlations some for Subsoil Group 3; 
2 
the pH variable decreased the deviations from regression significantly at 
the 1% level for Subsoil Group 1 but not significantly for Subsoil Group 3. 
Correlations between plant-available P and pH were highly significant 
for Subsoil Group 2 (all observations except the two above pH 6.8); the 
2 
relationships were linear since the pH variable had no effect in the mul­
tiple correlation (Table 20). For Subsoil Group 4 (same as Group 2 except 
that horizons less than pH 6.0 were deleted), the simple correlations were 
2 low, and the addition of the pH variable had only a slight effect. The 
four horizons below pH 6.0 had a marked effect on the plant-available P --
soil pH relationship as shown by the differences between the correlations 
for Subsoil Groups 2 and 4. 
The relationship between Plant Index 3 and soil pH is shown in Fig­
ure 26 for all southwest subsoils. Over the entire pH range, the correla­
tion between Plant Index 3 and soil pH was very low (r = .22, Table 20). 
Deletion of the two horizons above pH 6.8 increased the r value to 0.67. 
The effect of soil pH on plant-available P for both corn and alfalfa thus 
was similar in the same subsoils in this experiment (Figures 23 and 26). 
The multiple regression of Plant Index 3 on the quadratic function of 
pfi is also shown in Figure 26. For all observations, the multiple correla­
tion (R) was 0.67, a marked increase over the simple r of 0.22 for plant 
Index 3 on soil pH. The maximum value for Plant Index 3 occurred ac pH 
6.77, the same as the visually-estimated pH 6.8 which had been used previ-
Figuré 26. Regressions of Plant Index 3 (alfalfa) on linear and quadratic 
functions of pH (all observations) and linear function of pH 
(all observations except those above pH 6.8), southwest Iowa 
subsoils, Experiment 3 
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ously to separate the positive and negative effects of pH on extractable 
and plant-available P. Although the small number of obseirvations were 
widely scattered in Figure 26, one should expect a curvilinear effect of pH 
on plant-available P, based on the simple correlations between pH and 
extractable P shown in Part 1, Table 5. Selection of the best curvilinear 
model and most precise estimation of the pH effects require more observa­
tions over the entire pH range than are available in this experiment. 
Since most of the horizons greater than 36 inches deep deviated from 
the rest of the observations, simple correlations between plant-available P 
and soil pH were calculated for the 9 horizons less than 36 inches deep 
(excluding the one above pH 6.8). Bie highly significant correlations 
between plant-available P for alfalfa and pH in the intermediate horizons 
(r = .85 to .94) are much higher than the ones for corn in the same hori­
zons (r = -.02 to .52); these high correlations may reflect the effect of 
acidity on the alfalfa growth at the lower pH levels more than the decreas­
ing amounts of available P with decreasing pH. 
Multiple regressions of plant-available P on both extractable P and pH 
were next calculated. The R values are listed in Table 20; for ease of 
comparison, the r values from Table 17 are listed adjacent to the corre­
sponding R values. 
In Subsoil Groups 2 and 4, those excluding horizons greater than pH 
6.8, the two-variable multiple correlations between plant-available P and 
the combination of Bray P and soil pH were markedly higher than the single 
correlations on Bray P only. Although the high R values for the Bray 
method in Subsoil Group 2 were due mostly to the high correlations between 
plant-available P and pH, soil pH was not the dominant influence on the R 
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values in Subsoil Group 4, whose R values for the Bray method and pH were 
as high or slightly higher than those for the Olsen and Resin methods. In 
Subsoil Group 2, addition of the pH variable moderately improved the corre­
lations with the Resin method and slightly improved those with the Olsen 
method. In Subsoil Group 4, soil pH had little or no effect on the corre­
lations between plant-available P and Olsen- or Resin-extractable P. 
For Subsoil Group 1 (all observations), addition of the pH variable 
improved the correlations (R values) with the Bray method but not to the 
level that they were as good as the simple correlations with the Olsen or 
Resin methods. The R values for the Resin method were increased slightly 
over the r values, but those for the Olsen method were not by including 
soil pH. Addition of soil pH had no effect on the correlations with any of 
the chemical methods in Subsoil Group 3. 
Next, the interaction between pH and extractable P was included in the 
multiple regressions. This interaction term significantly increased at the 
1% level the R values (Table 20) above those for the two-variable regres­
sions (pH and extractable P) for the Bray method in Subsoil Group 1 and 
moderately increased (mostly significant at the 5-10% level) the R values 
for the Bray method in Subsoil Groups 2 and 3 and for the Resin method in 
Subsoil Group 1. For the other subsoil group and method combinations, the 
Interaction term had little or no effect on the correlations. Addition of 
the pH variable and its interaction with extractable P improved the predic­
tions of plant-available P from Bray-extractable P to the point that the 
Bray method was as good and frequently slightly better (higher R values) 
than the Olsen and Resin methods. These results are in marked contrast to 
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comparisons based on the simple correlations which showed that the Bray 
method was markedly inferior to the Olsen method. 
The effect of soil pH and its interaction with Bray-extractable P on 
the relationship between Plant Index 3 and Bray P is illustrated in Figure 
27 for the horizons in Subsoil Group 2. The effect of pH and its interac­
tion on the regressions of Plant Index 3 on Bray P is very similar to those 
shown for corn in Figure 24; both were based on Subsoil Group 2. The 
diverging regression lines as Bray P increases show the effect of the posi­
tive interaction between pH and Bray P on Plant Index 3. 
Additional multiple regressions were calculated for Subsoil Group 1 in 
2 2 
which the squared term for pH (pH ) was included. Addition of pH had no 
effect on plant-available P for alfalfa; in contrast, this variable had 
some effect on the R values for the Bray and Resin methods for corn. 
In summary, the addition of the pH variable and its interaction with 
extractable P markedly improved the value of the Bray method for predicting 
the plant-available P for alfalfa in this sample of southwest subsoils. 
Although the simple correlations between plant-available P and the Bray-
extractable P were much poorer than those involving the other two methods, 
the R values for the multiple regressions including soil pH and its inter­
action with the Bray method were as good to slightly better than those for 
the Olsen and Resin methods for all subsoil groups of varying pH ranges. 
The effect of soil pH on the plant-available P -- chemically-extractable P 
relationship was similar for both .corn and alfalfa. 
0.1. 
Figure 27. Influence of soil pH and the pH x extractable P interaction on 
the regressions of Plant Index 3 (alfalfa) on Bray-extractable 
P, southwest Iowa subsoils (pH ranges 5.68-6.80), Experiment 3. 
Area enclosed in dotted lines shows ranges of observed values 
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Greenhouse Experiment 4 
The objectives of Experiment 4 were to study further the availability 
of soil P to corn and alfalfa, since the red spider mite infestation and 
probably other factors had reduced the growth of alfalfa in Experiment 3, 
and to study further the effects of soil pH on the plant-available P and 
chemically-extractable P relationships in the southwest and the south-cen­
tral and east-central subsoils. 
Corn was grown on a total of 16 subsoil horizons from southwest Iowa 
and on 10 from south-central and east-central Iowa. Alfalfa was also grown 
on nine of the subsoil horizons (all from southwest Iowa except one) to 
compare the growth and response of corn and alfalfa to subsoil P. As will 
be discussed later, the growth of the corn was poor in this experiment, 
but the growth of the alfalfa was excellent. 
Corn experiment The soil chemical data and data for the plant-
available P methods for the subsoil horizons used in Experiment 4 are shown 
in Table A-6 (Appendix). All of the southwest subsoils except two were 
from the Marshall series, and all but three of the south-central and east-
central subsoils were from the Fayette series. Most of the horizons used 
were from the intermediate horizons with none from the deepest horizon. 
The chemically-extractable and plant-available P levels were higher on the 
average in the subsoils from south-central and east-central Iowa than from 
southwest Iowa. 
Correlations between plant-available and chemically-extractable P 
The correlation coefficients between plant-available and extractable P 
methods are shown in Table 21; the correlation matrices for all comparisons 
168 
Table 21. Correlation coefficients (r values) between plant-available 
and chemically-extractable P, corn. Experiment 4 
Plant-available Chemical method 
P method Bray Olsen Resin 
Southwest subsoils fn=16) 
Plant weight .46 .13 .34 
P uptake .67** .39 .50* 
Plant Index 1 .19 .43 . .26 
Plant Index 2 .45 , .48 .47 
Plant Index 3 .20 .31 .21 
Plant Index 4 .52* .47 .45 
South-central and east-
central subsoils (n=10) 
Plant weight .52 .35 -.08 
P uptake .71* .66* .27 
Plant Index 1 .70* .88** .55 
Plant Index 2 .69* .74* .30 
Plant Index 3 .19 .72* .84** 
Plant Index 4 .57 .93** .73* 
S^ignificant at the 5% level. 
**Sxgnificant at the 1% level. 
between pH, extractable P, and plant-available P are given in Table A-7 
(Appendix). 
Southwest subsoils As was done in Experiment 3, correla­
tions were calculated for all horizons, for those less than pH 6.8, for 
those above pH 6.0, and for those in the range of pH 6.0 to 6.8. Since 
deletion of observations above pH 6.8 (highest one was only pH 7.15) or 
below pH 6.0 had little effect on the generally poor correlations between 
plant-available P and extractable P for all observations, only the correla­
tion coefficients for all are shown in Table 21. Most correlations were 
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low and not significant. No consistent differences occurred among the cor­
relations for the different chemical methods ; those associated with the 
Olsen and Resin methods were markedly lower than in previous experiments. 
Among plant-available P methods, the correlations for P uptake. Plant Index 
2, and Plant Index 4 were somewhat higher than the others. As shown in the 
correlation matrix (Table A-7, Appendix), the three extractable P methods 
were highly correlated (r = .83 to .91), but the correlations between the 
plant-available P methods were much lower than those in the previous exper­
iments. The relationship between Plant Index 4 and Bray-extractable P in 
Figure 28 illustrates the scatter of points and low correlations obtained. 
The low correlation values (and regression coefficients, also) 
appear to be caused by the.very poor growth of the corn on the southwest 
subsoil horizons, presumably as a result of the extremely cloudy weather 
and poor growing conditions occurring during the first 20 days of growth. 
During this period, the plants became tall, spindly, and light green in 
color. This light green color may be an indication of S deficiency, 
although the level of S added to all pots was the same as for previous 
experiments. Growth differences were small on the different soils, thus 
making it difficult to determine accurately the plant-available P and chem-
ically-extractable P relationships. 
To determine if the poor growth and somewhat chlorotic conditions were 
caused by N or K deficiency, the N and K contents of the plant material 
grown on all subsoil horizons were determined (Table A-8, Appendix). The N 
and K contents of the (-P) and (+P) treatments then were Included in vari­
ous combinations in multiple regressions of P uptake and Plant Index 4 on 
both Bray- and Olsen-extractable P. Although the addition of the variables 
Figure 28. Regression of Plant Index 4 (corn) on Bray-extractable P, 
southwest subsoils. Experiment 4 
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for percentage N and percentage K increased the R values slightly for the 
regressions with Bray P and moderately for those with Olsen P, the regres­
sion coefficients for the N and K percentages were consistently negative. 
These effects show that N or K deficiency was not causing the poor growth 
conditions. The lower plant-available P levels at the higher N and K con­
tents probably reflect the adverse effect of another limiting factor, pos­
sibly S; as this factor became more deficient, growth was retarded and 
higher accumulations of N and K occurred in the corn plants. 
South-central and eas t-central subsoils In contrast to 
the poor growth of com on the southwest subsoils, corn growth on the 
south-central and east-central subsoils was quite good. Although the cor­
relations between plant-available and chemically-extractable P methods were 
quite variable, those between the four plant indexes and Olsen-extractable 
P were generally higher than those for the Bray or Resin methods (Table 
21). In this group of subsoils, the chemical methods were not correlated, 
and only P uptake. Plant Index 1, and Plant Index 2 were very highly inter-
correlated (Table A-7, Appendix). The correlations between plant-available 
and extractable P in this experiment are similar to those found in Experi­
ments 1 and 3 for similar soils in which the plant-available P was most 
highly correlated with the Olsen method, and the correlations with the Bray 
and Resin methods were less, although not significantly so. 
Regressions of plant-available P on chemicallv-extractable P 
The regression coefficients for the plant-available P methods on chemi-
cally-extractable P methods are given in Table 22 for both groups of sub­
soils. The bg values (Y intercepts) for plant weight and P uptake are 
higher than the "check" values in this experiment — 0.58 g dry weight and 
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Table 22. The bg and b% values for the regressions of plant-available 
P on chemically-extractable P, corn. Experiment 4. 
Plant- Chemical method 
available Bray Olsen Resin 
P method bg b^  ^ bg bj^ a bg bj^  ^
Southwest subsoils (n=16) 
-
Plant weight 0.85 0.0038 0.89 0.0033 0.85 0.0041 
P uptake 0.88 0.0057 0.92 0.010 0.89 0.0062 
Plant Index 1 43.3 0.12 41.3 0.86 42.0 0.25 
Plant Index 2 19.4 0.22 19.5 0.70 18.5 0.33 
Plant Index 3 15.7 0.054 15.4 0.26 15.5 0.083 
Plant Index 4 6.0 0.085 6.2 0.24 5.9 0.11 
South-central and east-
central subsoils (n»10) 
Plant weight 0.97 0.017 1.14 0.031 1.49 -0.0046 
P uptake 0.68 0.040 0.84 0.10 1.17 0.026 
Plant Index 1 38.0 0.49 36.3 1.63 37.3 0.65 
Plant Index 2 19.1 0.69 19.7 1.96 26.2 0.52 
Plant Index 3 13.4 0.063 9.4 0.65 5.4 0.48 
Plant Index 4 5.7 0.17 3.6 0.74 2.6 0.37 
 ^Significance levels of the b^  coefficients are the same as for the 
associated correlation coefficients (Table 21). 
0.58 mg P. All of the b^  values for Plant Indexes 2 and 4 differ signifi­
cantly (at the 1% level) from the expected values of 0. The bg values for 
Plant Indexes 1 and 3 are also higher than their expected values (calcula­
tions are based on the "check" values); expected values for Indexes 1 and 3 
are 34 and 11, respectively, for the southwest subsoils and 30 and 6, 
respectively, for the south-central and east-central subsoils. Since all 
bg values are greater than the expected values, the "check" values obtained 
in the greenhouse for this experiment are believed to be low. In the cor­
relations and regressions, only Plant Indexes 2 and 4 are affected by the 
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suspected low values for the "checks"; all other methods are uncorrected 
for the "check" values. 
The values (slopes of the regressions) in the regressions for the 
southwest subsoils were only one-tenth to one-third as high as comparable 
ones in Experiments 1 and 3, thus reflecting the very poor growth of corn 
in these subsoils in this experiment. The b^  values for the south-central 
and east-central subsoils were the same to somewhat less than the compara­
ble ones in Experiments 1 and 3, except that the b^  values for Plant 
Indexes 1 and 2 were consistently less than those in the other experiments. 
Plant-available P and soil pH The relationships between 
plant-available P and soil pH were determined by (1) calculating the simple 
correlations between plant-available P and soil pH and (2) calculating the 
multiple regressions of plant-available P on both extractable P and pH. 
For the southwest subsoils, the correlations (r values) between plant-
available P and soil pH were low and variable among methods (Table 23). 
For the south-central and east-central subsoils, the negative coefficients 
for Plant Indexes 3 and 4 are due to less P uptake from the (+P) treatments 
on the three south-central horizons of low pH (pH 4.8 to 5.1) than in the 
other horizons; this caused Indexes 3 and 4 of these three horizons to be 
high relative to the other horizons and other plant-P methods. 
Since most horizons in this experiment were from the intermediate 
depths (12-36 inches) and the few horizons deeper than 36 inches were mixed 
with shallower horizons to obtain enough soil for the study, the relation­
ships between plant-available P and soil pH were expected to be positive. 
For the intermediate horizons, the correlations between extractable P and 
pH were positive in Part I of this study (Table 5), and those between 
Table 23. Simple and multiple correlation coefficients for the regressions of plant-available P 
on pH, extractable P and the combination of both variables, corn. Experiment 4 
Subsoil group. Soil Bray Olsen Resin 
pH range and Plant-available pH F P+pH P P+pH P P+pH 
sample size P method (r) (r) (R) (r) (R) (r) (R) 
Southwest subsoils Plant weight -.45 .46 .52 .13 .45 .34 .48 
pH 5.41-7.15 P uptake -.35 .67** .67* .39 .46 .50* .52 
n=16 Plant Index 1 .15 .19 .36 .43 .52 .26 .39 
Plant Index 2 —. 16 .45 .47 .48 .48 .47 .47 
Plant Index 3 .25 .20 .47 .31 .47 .21 .43 
Plant Index 4 .01 .52* .62* .47 .49 .45 .50 
South-central and Plant weight .53 .52 .73 .35 .81* -. 08 .60 
east-central subsoils P uptake .26 .71* .75 .66* .88** .27 .57 
pH 4.82-7.13 Plant Index 1 -.09 .70* .71 .88** .93** .55 .62 
n=10 Plant Index 2 .17 .69* .71 .74* .90** .30 .51 
Plant Index 3 -.78** .19 .80* .72* .89** .84** .92** 
Plant Index 4 -.41 .57 .71 . 93** .93** .73* .73 
*£.ignificant at the 5% level. 
•A:V;Significant at the 1% level. 
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plant-available P and pH in Experiment 2 (Table 12) and Experiment 3 (given 
in text) were also positive. 
Multiple correlations for the regressions of plant-available P on both 
extractable P and soil pH are given in Table 23. For the southwest sub­
soils, addition of the pH variable did not improve consistently the corre­
lations between plant-available P and any of the chemical methods. About 
the only effect was to decrease the differences among plant-available P 
methods. Because of the variability encountered in these soils, the effect 
of the pH X extractable P interaction on plant-available P was not deter­
mined. With the very poor growth of the corn on these horizons, the 
limited variations in plant-available P were evidently caused by factors 
other than extractable P and pH. 
For the south-central and east-central subsoils, the addition of the 
pH variable improved the correlations between plant-available P and each of 
the chemical methods, as indicated by the R values (Table 23), except for 
the plant-P methods that initially had the highest simple correlations. 
The dominant effect of the multiple correlations over the simple correla­
tions was to decrease the differences among plant-available P methods; they 
did not change the relative superiority of the Olsen method over the Bray 
and Resin methods in the simple correlations for predicting plant-available 
P in these subsoils. 
Alfalfa experiment The soil chemical data and the data for the 
plant-available P methods for alfalfa in Experiment 4 are given in Table 
A-6 (Appendix). In contrast to the alfalfa growth in Experiment 3, the 
alfalfa growth in this experiment was very good with no major problems dur­
ing the growing period. The alfalfa was harvested 83 days after planting 
in this experiment as compared to 40 days in Experiment 3. All horizons 
were from southwest Iowa except one from a Fayette profile. 
Correlations between plant-available and chemicallv-extractable P 
The simple correlation coefficients (r values) between plant-available and 
extractable P are given in Table 24, and the correlation matrix for all 
variables is given in Table A-7 (Appendix). Correlations between plant-
available P and extractable P by the Olsen method were considerably higher 
than those for the Bray method and slightly higher than those for the Resin 
method. Although the differences between r values were not significant 
(9 observations are too few to get a precise test of differences in r 
values), the higher simple correlations associated with the Olsen method 
than those with the Bray and Resin methods show the same trend in this 
experiment as in most comparisons in previous experiments. The relation­
ships between Plant Index 4 and Bray- and Olsen-extractable P are illus­
trated in Figures 29A and 29B. 
Among plant-available P methods, the r values were almost identical 
within each of the chemical methods. This was expected since all of the 
plant-available P methods were very highly intercorrelated (r = ,98 or 
greater for all except P uptake, whose r values were .96 to .97, Table A-7, 
Appendix). Since the correlations between Plant Indexes 1 and 2 and 
between Indexes 3 and 4 were essentially unity (r = .999 in this experi­
ment and r = .998 in Experiment 3), "check" plants are not needed for 
similar greenhouse experiments with alfalfa. 
Regression of plant-available on chemicallv-extractable P The 
regression coefficients for plant-available P on extractable ? are given in 
Table 25. The b^  values for all plant-available P methods were higher, but 
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Table 24. Simple and multiple correlation coefficients for regressions 
of plant-available P on soil pH, chemically-extractable P 
and the combination of both, alfalfa, southwest subsoils, 
Experiment 4 
Soil Bray Olsen Resin 
Plant-available pRa P P+pH P P+pH P P4pH 
P method (r) (r) (R) (r) (R) (r) (R) 
Plant weight .39 .52 .94** .82** .97** .71* .94** 
P uptake .42 .50 .95** .79** .96** .68* .94** 
Plant Index 1 .32 .54 .90** .81** .93** .74* .93** 
Plant Index 2 .32 .55 .90** .81** .93** .74* .93** 
Plant Index 3 .35 .53 .91** .78* .91** .72* .93** 
Plant Index 4 .36 .52 .92** .77* .91** .72* .93** 
T^he pH range of the 9 horizons was 5.86 to 7.15, 
S^ignificant at the 5% level. 
**Significant at the 1% level. 
not significantly higher, than the expected values for the Bray and Olsen 
methods. Expected values are .09 for plant weight and P uptake, 0 for 
Indexes 2 and 4, and 3.6 and 1.0 for Indexes 1 and 3, respectively. The 
deviations from the expected b^  values were caused partly by horizon 27-5,7 
(the one with the lowest pH and highest extractable P level) whose plant-
available P levels were low relative to its high extractable P level. 
The b^  values (slopes) for plant weight and P uptake were 4 to 7 times 
greater in this experiment than those in Experiment 3, reflecting the bet­
ter alfalfa growth and longer growing period in Experiment 4. However, the 
b^  values for Indexes 1 and 2 were about the same in both experiments, and 
Figure 29. Regressions of Plant Index 4 (alfalfa) on Bray- (29A) and Olsen 
extractable P (29B), southwest subsoils. Experiment 4 
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Table 25. The bg and bj^  values for the regressions of plant-available P on 
extractable P, alfalfa, southwest subsoils. Experiment 4 
- Chemical method 
Plant available Brav Olsen Resin 
P method 
"o "o V "o V 
Plant weight 0.7 0.053 0.31 0.28 0.02 0.13 
P uptake 1.5 0.13 0.37 0.72 -0.37 0.34 
Plant Index 1 19.6 1.30 10.5 6.60 1.9 3.25 
Plant Index 2 17.5 1.34 8.2 6.79 -0.57 3.35 
Plant Index 3 13.7 0.92 7.6 4.57 1.1 2.31 
Plant Index 4 13.0 0.92 6.8 4.61 0.33 2.32 
S^ignificance levels of the bj coefficients are the same as for the 
associated simple correlation coefficients (r values) in Table 24. 
those for Indexes 3 and 4 were about half again to twice as hig)i in this 
experiment as in Experiment 3. The plant indexes (relative yields) are 
much less affected by limiting factors or other factors such as length of 
growth period than are the direct measurements of plant weight and total P 
uptake. Although the simple correlation coefficients were similar between 
plant-available P and the chemical methods in both Experiments 3 and 4 
(Table 17 and 24), the highly significant differences between the slopes 
for the plant weight and P uptake relationships in the two experiments pre­
clude combining these data without marked reduction in the correlation 
coefficients. Most of the regression coefficients for the four plant 
indexes, however, were similar or not greatly different in the two experi­
ments; these data, therefore, can be combined without much reduction in the 
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correlation coefficients, as will be shown later in the General Discussion 
section. 
Plant-available £ and soil pH The correlations between plant-
available P and soil pH for all observations were positive and low (Table 
24). As shown in Figure 30, Plant Index 4 increased with pH up to the max­
imum 7.15. The limited number of observations, however, prevents determi­
nation of the pH level at which maximum availability of soil P occurs for 
alfalfa. Deletion of Horizon 27-5,7 (variant mentioned in the previous 
section) increased the correlations between plant-available P and pH con­
siderably (to r = .71 to .84) but decreased the correlations between plant-
available and extractable P. The multiple regressions (described in the 
next paragraph) explained much of the variability that Horizon 27-5,7 
caused in the simple correlations. 
Multiple regressions of plant-available P on both extractable P and 
soil pH were next calculated; the R values are shown in Table 24 adjacent 
to the simple correlations (r values). With the addition of the pH vari­
able, all R values were increased to similar high values for each of the 
chemical methods. Increases in the correlations (R values vs r values) 
were largest with the Bray method, intermediate with the Resin method, and 
smallest with the Olsen method. 
The effects of soil pH on the relationships between Plant Index 4 and 
Bray- and Olsen-extractable P levels, as calculated from their multiple 
regression equations, are shown in Figure 31. As shown by the three 
regression lines, if Bray-extractable P is held constant. Plant Index 4 
increases as the pH increases from 6.0 to b.b to /.Û, but tor a constant 
level of Olsen P, Plant Index 4 increases only about half as much with the 
Figure 30. Regression of Plant Index 4 (alfalfa) on soil pH, southwest 
subsoils. Experiment 4 
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Figure 31. Influence of soil pH on the regressions of Plant Index 4 
(alfalfa) on Bray- and Olsen-extractable P, southwest subsoils. 
Experiment 4 
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same changes in soil pH. The relationships shown are the simplest ones 
since a two-factor multiple regression is all that can be calculated from 
nine observations. Additional effects of extractable F and soil pH on 
plant-available P that could occur are: an interaction which could be 
shown by non-parallel regression lines as in Figures 24 and 27; a curvilin­
ear effect of extractable P which could be shown by curved regression 
lines; a curvilinear effect of pH which could be shown by regression lines 
increasing or decreasing in distance apart with equal incremental changes 
in pH; and if all of these effects occurred, they could be presented in a 
two-dimensional diagram. From the combined analyses of the alfalfa data 
from Experiments 3 and 4 to be presented in the General Discussion section, 
there is evidence that some of these more complex effects of extractable P 
and soil pH do occur on plant-available P (Table 29). 
In the experiments with corn, the addition of the pH variable 
increased the correlations with Bray-extractable P but had little effect on 
those with Olsen-extractable P; these effects indicate that the effect of 
pH was an indirect one on plant-available P through its influence on the 
relative amounts of P extracted by the Bray method at different pH levels. 
In this experiment with alfalfa, the addition of the pH variable also 
increased significantly the correlations with Olsen-extractable P; this 
indicates that the soil pH may have a direct as well as an indirect effect 
on the relationships, which is probably due to the adverse effect of soil 
acidity on alfalfa growth at the lower pH levels. A similar effect was 
indicated by alfalfa in Experiment 3; addition of the pH variable increased 
the multiple correlations slightly over the simple correlations with the 
Olsen method in the group of southwest subsoils less than pH 6.8 (Table 20). 
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The increases, however, were not statistically significant as they were in 
this experiment. 
The increases in the multiple correlations (R values) over the simple 
correlations of the Bray and Resin methods up to the values of the simple 
correlations with the Olsen method (about r = .80, Table 24) may represent 
the indirect effects of pH on the Bray- and Resin-extractable P relation­
ships; the further increases in R values (up to R = .90 to .95) beyond the 
simple correlations with the Olsen method (about r = .80) may represent the 
direct effects of pH on alfalfa growth, independent of the pH effects on 
soil P availability. Thus, the simple correlations between plant-available 
2 
P and Bray-extractable P average about 0.53 (r = 28%), the multiple corre-
2 lations with Bray P average about 0.92 (R = 85%), and the simple correla-
2 
tions associated with Olsen P average about 0.80 (r = 64%); of the differ­
ence of 57% in the variations explained by multiple regression on both Bray 
P and pH compared to the simple regression on Bray P only (85% - 28% = 57%), 
about 36% (64% - 28%) may be due to the indirect influence of pH on the 
relative Bray-extractable P levels and about 21% (85% - 64%) may be due to 
the direct effect on alfalfa growth. It is recognized that this explana­
tion and example may be an oversimplification of a more complex relation­
ship than is assumed. Further investigations of these indicated effects of 
soil pH on the plant-available P — extractable P relationships for differ­
ent crops are needed. 
In summary, the simple correlations between plant-available P and 
Olsen-extractable P were considerably higher than those for Bray P and 
slightly higher than those for Resin P for the alfalfa in this experiment. 
These results agree with those for corn in the preceding experiments and 
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for alfalfa in Experiment 3, although alfalfa growth differed considerably 
in Experiment 3 from the growth in this experiment. However, in the multi­
ple correlations between plant-available P and both extractable P and soil 
pH, the correlation coefficients (R values) were increased to high and sim­
ilar values for all chemical methods. The addition of the pH variable had 
a more marked effect in improving the predictive ability of the Bray method 
for plant-available P in this experiment than for any of the crops in pre­
vious experiments. 
Increases in the multiple correlation coefficients due to the addition 
of the pH variable over the simple coefficients associated with the Olsen 
method in this alfalfa experiment, in contrast to no effect in previous 
corn experiments, indicate that the effect of soil pH on plant available P 
also includes a direct effect on the growth of alfalfa. This direct effect 
of pH in the subsoils used in this experiment probably is due to the adverse 
effect of soil acidity on alfalfa growth at the lower pH levels; it, there­
fore, would influence the plant-available P relationships with all chemical 
me thods. 
Part III, Comparative Results and Discussion 
of the Various Experiments 
In the previous sections, the data from each experiment were discussed 
individually with some reference to supporting data from the other experi­
ments. In this section, some of the experimental data from the different 
experiments will be brought together and discussed as a whole in relation 
to experimental results from other investigations. 
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Selection of the best chemically-extractable and plant-available ^  methods 
The R values associated with the various combinations of Bray- and 
Olsen-extractable P and four of the plant-available P methods were averaged 
over all of the experiments in which similar subsoil groups and crops and 
the surface soils were used. Table 26 shows the individual and average R 
values for the different soil groups. The R values were used since the 
multiple correlations which included the pH variable generally gave more 
precision for estimating the relationships between the plant-available and 
chemically-extractable P methods than the simple correlations. 
The Resin method had the same or smaller R values than the Olsen 
method except for corn in Experiment 3 (Table 16). In this study, the Bray 
and Olsen methods are of primary interest; since there was no advantage to 
using the Resin method over the other methods and because the Resin method 
is a very time-consuming and tedious procedure, no further reference to the 
Resin method will be made. 
In most experiments with corn, Plant Indexes 2 and 4, those corrected 
for the "check" plants, had similar or slightly higher R values than the 
corresponding uncorrected Plant Indexes 1 and 3, respectively. Thus, only 
Plant Indexes 2 and 4 of the indirect methods are shown in Table 26. For 
alfalfa on the southwest subsoils. Plant Indexes 1 and 2 were identical, as 
were Indexes 3 and 4, because each pair was so highly correlated; therefore, 
the simplest ones to calculate, Plant Indexes 1 and 3, are shown in Table 
26. 
%he R values selected for comparing the chemically-extractable and 
plant-available P methods in Table 26 are from the rollowing; Experiment 1 
— the two-factor multiple regressions on extractable P and pH for all soil 
Table 26. Individual and average R values associated with the plant-available P and the Bray- and 
Olsen-extractable P methods for similar subsoils and surface soils in the various experi­
ments 
Experiment number 
Averages 
for plant P 
1 2 3 4 methods 
Plant-available P method Bray Olsen Bray Olsen Bray Olsen Bray Olsen Bray Olsen 
Southwest subsoils (corn)* 
Plane weight 
P up :ake 
Plant: Index 2 
Plant Index 4 
.92 
.81 
.91 
.74 
.96 
.89 
.96 
.87 
.42 .64 
.43 .70 
.59 .84 
.66 .91 
.73 
.75 
.79 
.78 
.58 
.77 
.70 
.76 
— 
- -
.69 
. 66 
.76 
.73 
.73 
.79 
.83 
.85 
Averages for chemical 
methods .84 .92 .52 .77 .76 .70 - - —  - .71 .80 
Southwest subsoils (alfalfa)^  
Plant weight 
P uptake 
Plant Index 1 
Plant Index 3 
— 
— -
—  -  - -
.85 
.80 
.86 
.85 
.78 
.73 
.84 
.78 
.94 
.95 
.90 
.91 
.97 
.96 
.93 
.91 
.90 
.88 
.88 
.88 
.88 
.84 
.88 
.84 
Averages for chemical 
methods - - - - - — - — .84 .78 .92 .94 .88 .86 
n^ = 11, 20, and 14 for Experiments 1, 2, and 3, respectively, 
n^ = 14 and 9 for Experiments 3 and 4, respectively. 
Table ',16. (Continued) 
Averages 
Experiment number for plant P 
Plant-available P method 
1 2 3 4 methods 
Bray Olsen Bray Olsen Bray Olsen Bray Olsen Bray Olsen 
SC and EC subsoils fcorn)^  
Plant weight .93 .94 - - - -  - -  •  - - .73 .81 CD
 
w
 
.88 
P uptake .94 .96 .75 .88 .84 .92 
Plant Index 2 .90 .97 - -  - -  —— .71 .90 .80 .94 
Plant Index 4 .87 .94 .71 .93 .79 .94 
Averages for chemical 
methods .91 .95 .72 .88 
CM 00 
.92 
Surface soils (cornl^  
Plant weight .76 .72 .81 .79 .78 .76 
P uptake .85 .83 .70 .72 .78 .78 
Plant Index 2 .86 .84 .90 .93 .88 .88 
Plant Index 4 .90 
CO 00 
.74 .79 .82 .84 
Averages for chemical 
methods .84 .82 .79 .81 .82 .82 
n^ = 10 for both Experiments 1 and 4. 
'^ n = 9 and 15 for Experiments 1 and 2, respectively. 
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groups (Table 9); Experiment 2 — the two-factor multiple regressions for 
all southwest subsoils and for the surface soil group with two horizons 
deleted (Table 12); Experiment 3 -- the three-factor multiple regressions 
on extractable P, pH, and their interaction for the southwest subsoils in 
the pH range or 5.68 to 6.80 for corn (subsoil group 2, Table 16) and for 
alfalfa (subsoil group 2, Table 20); and Experiment 4 — the two-factor 
multiple regressions on extractable P and pH for alfalfa on the southwest 
subsoils (Table 24) and for corn on the south-central and east-central sub­
soils (Table 23). The R values for corn on the southwest subsoils in 
Experiment 4 were not included in the averages because of their low and 
variable values. Since only r values could be calculated for the south-
central and east-central subsoils in Experiment 3, these values were not 
included. 
Chemically-extractable P methods Differences among extractable P 
methods, as shown by simple or multiple correlations, have been discussed 
in detail in the individual experiments. The simple correlations between 
plant-available P and Olsen P were consistently higher than those associ­
ated with Bray P except for the surface soils in Experiment 1 and for 
alfalfa on the south-central and east-central subsoils in Experiment 3. 
Addition of the pH variable or both pH and its interaction with 
extractable P improved the predictive ability of the Bray method markedly 
for both corn and alfalfa in Experiment 3 and for alfalfa in Experiment 4 
on the southwest subsoils and moderately so for the southwest surface and 
subsoils in Experiment 2. The effect of the pH variable was small in the 
other subsoil groups in Experiments 3 and 4 and in the soil groups of 
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Experiment 1. In most cases, however, the correlations with the Olsen 
method were little affected by variations in soil pH. 
When corn was grown as the test crop on the southwest subsoils, the 
average R values for the three reported experiments were higher for the 
Olsen than for the Bray method although the R values were quite variable 
among experiments (Table 26). The marked difference between the Olsen and 
Bray methods for all horizons in Experiment 2 was due in part to the dif­
ferent plant-available P, extractable P, and pH relationships in the hori­
zons 12-36 inches deep and those 42-48 inches deep, as shown in Table 12; 
the R values in each of the two depth groups for the Bray method were 
higher than those for all observations combined. In Experiment 3, the 
addition of the pH variable and its interaction with Bray P improved the R 
values markedly so that they were the same to slightly higher than those 
associated with the Olsen method. 
In both experiments with alfalfa, the average R values associated with 
the Bray method were similar to those for the Olsen method (Table 26). The 
R values for the three-factor multiple regressions in Experiment 3 were 
slightly higher for the Bray than for the Olsen method but were similar for 
both methods in Experiment 4 in which only two variables could be included 
in the regression analyses. 
For the subsoils of south-central and east-central Iowa with corn as 
the test crop, the Olsen method was superior to the Bray method in both 
experiments (Table 26). For the surface soils used in Experiments 1 and 2, 
the average R values for the Bray and Olsen methods were almost Identical. 
From these results, it is clear that the Bray and Olsen method» aïé equally 
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effective for predicting the plant-available P in the surface soils used in 
these experiments, most of which were below pH 7.0. 
In summary, the simple correlations between plant-available and 
extractable F were higher for the Olsen than for the Bray method for all 
subsoil groups but were the same for both methods for the surface soils. 
The differences between the two chemical methods for the subsoil groups 
were decreased considerably by including the soil pH variable along with 
the extractable P level in a multiple regression equation. The R values, 
however, were still mostly higher for the Olsen than for the Bray method 
except for the surface soils and with alfalfa for the southwest subsoils. 
With further research on the effects of pH and possibly horizon depth on 
the plant-available F and extractable F relationships in subsoils and more 
complex statistical models, the precision of the Bray method Mght approach 
that of the Olsen method. An advantage of the Olsen method, however, is 
that its predictive ability of plant-available F levels is relatively 
unaffected by soil pH levels and horizon depths; this greatly simplifies 
the statistical analysis of the relationships for test crops least affected 
by low soil pH levels. 
Plant-available 2 methods In Experiments 1 to 4, both the direct 
methods (plant weight, total F uptake) and indirect methods (Fiant Indexes 1 
to 4) of expressing plant-available F levels were calculated to determine 
the method or methods that might be superior to others for measuring avail­
able soil P levels. The average R values associated with four d£ the 
plant-available F methods are shown in Table 26. 
For the southwest subsoils (com), the Rvalues for the various plane 
methods varied considerably among the different experiments (Table 26). 
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Comparing the plant-available P methods associated with the Olsen method 
over all experiments, the two indirect methods are somewhat better than the 
2 direct ones ; the average R values over all experiments differ between the 
2 best indirect method (R = .72 for Plant Index 4) and the better direct 
2 
method (R = .62 for P uptake) by about 10% in the variations explained by 
regression. However, much of this difference is due to the relatively low 
R value for P uptake in Experiment 2. 
For the southwest subsoils (alfalfa), the average R values over exper­
iments and both chemical methods are very similar for the direct and 
indirect methods (average R = .87 for each, Table 26). 
In the south-central and east-central subsoils, the average R values 
for P uptake and Plant Indexes 2 and 4 associated with the Olsen method are 
similar and slightly better than those for plant weight. 
For the surface soils, the R values for the indirect methods were 
higher than for the direct methods. In Experiment 2, the relatively low R 
values for P uptake and Plant Index 4 are probably the result of a few 
deviant observations, two of which were deleted from the regressions listed 
in Table 26. 
In summary, for all averages involving corn as the test crop, the 
indirect methods (Plant Indexes 2 and 4) were slightly but not signifi­
cantly more correlated with chemically-extractable P than the direct meth­
ods (plant weight and P uptake). No differences occurred between Indexes 2 
and 4, and P uptake was only slightly better on the average than plant 
weight. For alfalfa as the test crop, all methods were equally effective. 
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Comparison of P uptake by corn and alfalfa 
Corn and alfalfa were grown on all soil horizons in Experiment 3 and 
on eight of the same horizons in Experiment 4. Since the growth of alfalfa 
in Experiment 3 was poor, partly because of an infestation of red spider 
mites, and because growth conditions for corn in Experiment 4 were poor, 
the comparisons of the direct responses of the two crops to subsoil P lev­
els are confounded by the differential growth. To remove part of the con­
founding, the ratios or differences in plant-available P measurements for 
the two crops were used to obtain relative responses of the two crops to 
different extractable P and pH levels. 
Since the corn and alfalfa were not harvested at the same time in 
either experiment, the direct measurements of total plant weigjit and P 
uptake were expressed as the amounts o£ each per day. Before dividing by 
the number of days each was grown, the amounts in the "check" plants were 
subtracted from the uncorrected plant weight and P uptake. For the 
indirect methods. Plant Indexes 2 and 4 (the ones corrected for the "check" 
plants), no adjustments in the indexes for corn and alfalfa were necessary 
since the calculated values were not affected by the unequal growth peri­
ods . 
The alfalfa and corn ratios and differences of the four plant-available 
P methods for each horizon used in Experiments 3 and 4 are given in Table 
27. In viewing the data in Table 27, it should be remembered that express­
ing each of the four plant-available P methods as alfalfa to corn ratios 
(alfalfa/corn) results in the ratios being non-symmetrical as they deviate 
from unity. For example, alfalfa growth four times that of corn has a 
value of 4, while corn growth four times that of alfalfa has only a value 
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Table 27. Alfalfa and corn ratios and differences based on plant-available 
P methods. Experiments 3 and 4 
Ratio (alfalfa/corn) Difference falfalfa-com) 
Plant P Plant P 
weight uptake Plant Plant weight uptake Plant Plant 
Soil per per Index Index per per Index Index 
Horizon PH day day 2 4 day day 2 4 
Experiment 3 fn = 13)* 
10-3 5.68 0.00 0.00 0.00 0.00 -.0179 -.0172 -13.7 -4.2 
10-5 5.90 .01 .02 .09 .12 -.0166 -.0195 -11.1 -4.4 
10-7 6.11 .55 .83 2.26 3.45 -.0097 -.0044 28.8 16.9 
15-3 6.70 .22 .35 1.20 1.58 -.0173 -.0177 4.0 4.0 
16-5 6.80 .78 .60 3.67 2.60 -.0019 -.0071 26.2 8.0 
16-7 6.79 ,49 .55 2.40 2.59 -.0142 -.0204 45.2 18.4 
17-6 6.34 .83 1.35 3.25 4.09 -.0008 +.0017 14.2 6.8 
20-4 6.46 .65 .49 3.48 2.29 -.0011 -.0038 6.7 3.1 
20-7 6.80 .58 1.06 2.32 3.51 -.0103 +.0020 34.4 23.3 
30-5 6.28 .24 .40 1.17 2.07 -.0113 -.0102 2.4 5.9 
30-7 6.38 .51 .78 2.73 3.60 -.0120 -.0059 37.3 18.2 
31-5 5.75 .04 .05 .24 .28 -.0063 -.0095 4.8 -2.3 
31-7 5.85 .22 .33 1.74 1.89 -.0062 -.0076 5.4 3.1 
Averages 6.30 .39 .52 1.89 2.16 -.0097 -.0092 13.5 7.4 
Experiment 4 (n = 8)^  
11-4 6.34 .56 1.08 0.88 2.12 -.0045 .0009 -2.2 6.5 
24-3 7.10 2.36 5.73 2.70 6.31 .0132 .0487 31.5 32.9 
26-3 6.68 .73 1.56 .53 1.34 -.0024 .0059 -11.0 2.8 
26-5 7.15 5.61 8.29 3.02 4.61 .0252 .0684 39.1 31.4 
27-5 5.86 2.01 4.35 2.17 4.70 .0131 .0518 31.0 32.9 
28-3 6.34 .94 1.57 1.29 2.33 -.0007 .0080 6.3 10.8 
30-2 6.02 .29 .38 .41 .66 -.0084 -.0070 -11.0 -2.0 
38-3 6.34 .62 1.13 1.09 3.04 -.0121 .0051 3.2 18.8 
Averages 6.48 1.64 3.01 1.51 3.14 .0029 .0227 10.9 16.8 
A^lfalfa and corn were grown 40 and 29 days, respectively. 
A^lfalfa and corn were grown 83 and 33 days, respectively. 
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of .25. Since ratios for three observations in Experiment 3 could not be 
used because the denominators (corn) were zero, only the 13 soil horizons 
having finite values were used in the comparisons. 
The average alfalfa/corn ratios of the direct methods expressed on a 
per day basis were less than 1.0 for Experiment 3, showing that plant 
weight and P uptake per day were higher for corn than for alfalfa. The 
average ratios of Plant Indexes 2 and 4, however, were greater than 1.0, 
showing that the average relative ratios of plant weight and P uptake 
values from the (-P) and (+P) treatments were higher for alfalfa than for 
corn. This indicates a higher availability of subsoil P for alfalfa than 
for corn. The differences between the ratios of the direct methods and 
those of the indirect methods (Indexes 2 and 4) are mostly a result of the 
differing growth rates of the two crops (with corn being the more rapidly 
growing crop in the first several weeks) and the growth conditions for the 
two crops. In Experiment 3, unfavorable growing conditions (red spider 
mite damage) restricted the growth of alfalfa; thus the growth of alfalfa 
on the (-P) pots was small compared to that of corn, either on a total 
growth or per day basis. However, the growth achieved by alfalfa on the 
(-P) pots was fairly high when compared to the possible growth, that on the 
(+P) pots. 
In Experiment 4, the growth of alfalfa was excellent while the growth 
of corn was poorer than anticipated. Thus, the average ratios for all four 
plant-available P methods were greater than 1.0. Although the average 
ratio for one of them, plant weight per day, was greater than 1.0, 5 of the 
8 observations had values less than 1.0. The average differences between 
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the plant-available P measurements for alfalfa and corn (alfalfa-corn) 
showed the same relationships as did the ratios in both experiments. 
In summary, the soil P in the southwestern Iowa subsoils appears to be 
more available to alfalfa than to corn, since all comparisons except the 
per day direct methods in Experiment 3 favored the alfalfa. 
The alfalfa/corn ratios and alfalfa-corn differences were next related 
to Bray- and Olsen-extractable P and soil pH by simple and multiple regres­
sions. The r and R values for the various regressions are given in Table 
28. 
All r values for the regressions of the ratios and differences on soil 
pH were positive although only the ratios for Experiment 3 and the differ­
ences for Plant Indexes 2 and 4 in Experiment 3 were significant. There­
fore, as soil pH increases, the alfalfa/corn ratios or alfalfa-corn differ­
ences increase. The regressions of the alfalfa/corn ratio of Plant Index 4 
on soil pH are shown in Figure 32. Whether the positive correlations 
between the ratios or differences and pH are a result of the adverse 
effects of low pH on growth of alfalfa, better growth of alfalfa relative 
to corn at the higher pH values, or a combination of the two factors could 
not be determined from the relatively small numbers of soil horizons used. 
Previous researchers (Stelly and Pierre, 1943; Godfrey and Riecken, 
1954, 1957; and Mausbach, 1969) have shown that Ca-phosphates predominate 
at higher pH values and Fe- and Al-phosphates at the lower pH values in 
Iowa soils derived from loess. The relative growth of alfalfa and corn may 
also be a function of phosphate form present, with alfalfa utilizing Ca-
phosphates better than corn, while corn may utilize Fe- and Al-phûâpwâCES 
better or as well as alfalfa. 
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Table 28. Simple and multiple correlations between alfalfa to corn ratios 
and differences and soil pH and chemically-extractable P, south­
west subsoils. Experiments 3 and 4 
Plant- Brav Olsen 
Exp. Ratio or available pH P P+pH P P+pH 
no. difference P method (r) (r) (R) (r) (R) 
3 Alfalfa/corn Plant weight/day ;.69** .03 .70* .54 .70* 
(n=13) P uptake/day .56* .18 .62 .45 .57 
Plant Index 2 .68** .09 .71* .59* .71* 
Plant Index 4 .62* .36 .77* .63* .69* 
3 Alfalfa-corn Plant weight/day .15 -.03 .15 .00 .19 
(n=13) P uptake/day .19 .13 .24 -.03 .27 
Plant Index 2 .71** .31 .83** .83** .86** 
Plant Index 4 .66* .36 .81** .71** .76* 
4 Alfalfa/corn Plant weight/day .64 .08 .81 .52 .90* 
(n=8) P uptake/day .66 .12 .86 .51 .91* 
Plant Index 2 .56 .27 .87* .60 .89* 
Plant Index 4 .48 .33 .84* .56 .80 
4 Alfalfa-corn Plant weight/day .54 .15 .75 .48 .79 
(n=8) P uptake/day .50 .32 .85* .64 .88* 
Plant Index 2 .43 .40 .86* .69 .88* 
Plant Index 4 .38 .51 .92** .75* .90* 
All ratios and differences in the simple regressions on extractable P, 
except for the differences of direct methods in Experiment 3, were much 
more highly correlated with Olsen P than Bray P (Table 28). When pH was 
included with extractable P in the multiple regressions, the R values for 
both Olsen and Bray P were increased sharply, with those for Bray P 
increased by the larger amount. In the multiple regressions, both the Bray 
and the Olsen methods were equally effective for predicting the ratios or 
differences. 
Figure 32. Regressions of the alfalfa/corn ratio of Plant Index 4 on soil 
pH, Experiments 3 and 4 
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The effects of soil pH on the regressions of the alfalfa/corn ratio of 
Plant Index 4 on Bray P are shown in Figure 33. Hie systematic patterns 
for the two experiments are similar; the steeper slopes for Experiment 4 
than for Experiment 3 are due to the differences in relative growth of the 
two crops in the two experiments. The regression lines show that for a 
constant Bray P level, the ratio increases as the soil pH increases. The 
regressions also show the combinations of pH and Bray P levels needed to 
get various alfalfa/corn ratios; for example, to obtain a ratio of 1.0 in 
Experiment 3, 25 ppm Bray F is required at pH 5.5 but only about 12 ppm Bray 
P is needed at pH 6.0. These differences are probably due partly to the 
adverse effect of low pH on alfalfa growth and partly to poorer corn growth 
relative to alfalfa at the higher pH values. The decreasing amounts of 
plant-available P extracted by the Bray method as pH increases may also 
influence the relationships shown in Figure 33. In both experiments, the 
regression coefficients for the pH variable were only half as large in the 
regressions on Olsen P as in those on Bray P shown in Figure 33, showing 
that pH had less effect on the ratios with Olsen P than with Bray P. 
In summary, the alfalfa/corn ratios greater than 1.0 and positive 
alfalfa-corn differences for most plant-available P methods indicate that 
the subsoil P in the southwest Iowa soils is more available to alfalfa than 
to corn. The alfalfa to corn ratios and differences increased with soil pH 
and extractable P levels. In the simple regressions, they were more highly 
correlated with Olsen P than with Bray P; however, with the addition of the 
pH variable, the R values for both chemical methods were similar. The 
ratios and differences were about equally effective for escimating thé Jil-
ferential availability of subsoil P to the two crops. 
Figure 33. Regressions of the alfalfa/corn ratio of Plant Index 4 on both 
Bray-extractable P and soil pH, Experiments 3 and 4 
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EXP. 3 Y=-13.9CH093BRAY P + 229pH R=.77* 
EXP.4 ^=-23t75+.183BRAY P+377pH R=.84* 
M. 
.12 18 24 
BRAY EXTR ACTABLE P ( PPM) 
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Combining similar soil groups over experiments 
The data were combined from the southwest subsoils used for alfalfa 
(Experiments 3 and 4), central and east-central subsoils (Experiments 1, 3, 
and 4) and surface soils (Experiments 1 and 2) for multiple regression 
analyses- The primary purpose for combining the experiments was to get 
more observations to determine which curvilinear effects and interactions 
involving chemicaîly-extractable P and soil pH need to be investigated in 
future studies. In many of the soil groups in the individual experiments, 
the number of horizons had limited the analyses to two-factor multiple 
regressions. However, the number of observations after combining the 
experiments were still too low for effective use of the five-factor multi­
ple regression. 
The simple and multiple correlations for the combined analyses of the 
two groups of subsoils and the surface soils are given in Table 29. For 
statistically valid combination of data from individual regressions, homo­
geneity of residual (error) variances, slopes, and elevations should occur 
between or among the regressions from the individual experiments. These 
differences between residual variances, slopes, and elevations were not 
tested, but it is obvious from the differences between or among the b^  and 
b^  regression coefficients summarized in Tables 30 and 31, respectively, 
that the elevations and slopes did differ to a varying degree. The data 
from the southwest subsoils (corn) were not combined for analyses due to 
the very large differences among the b^  and bj^  values in the individual 
experiments. When the b^  and b^  values are similar for a soil group over 
all experiments, the R or r values ioi: Clic CGsbincd regression likely ?ill 
be near the average value of the individual experiments. The more they 
Table 29. Simple and multiple correlation coefficients (r and R values) for regressions of plant-
available P methods on pH, chemically-extractable P, and combinations of both variables, 
similar soil groups combined over experiments 
Brav Olsen 
Soil P+ P+pH 5® P+ P+pH 5* 
Plant-evailable pH P pH 4-PxpH variables P pH +PxpH variables 
P method (r) (r) (R) (R) (R) (r) (R) (R) (R) 
SW subsoils, alfalfa (n=23) 
Plant: weight .44* .08 .50* .61* .67 .16 .45 .55 .68* 
P upt:ake .43* .07 .49* .64* .71* .13 .43 .55 .72* 
Plant; Index 1 .54** .39 .81** .82** .87** .75** .84** .84** .87** 
Plan!: Index 3 .56** .29 .74** .76** .80** .49* .67** .74** .79** 
SC and EC subsoils. corn fn=26^  
Planl; weight .54** .68** .73** .75** .77** .57** .75** .79** .80** 
P upt:ake .47* .81** .83** .84** .86** .75** .86** .91** .92** 
Plane Index 2 .21 .65** .65** .66** .70* .87** . 88** .88** .90** 
Plane Index 4 .15 .76** .79** .79** .79** .91** .91** .92** .92** 
Surface soils, corn (n=24) 
Plan t weight .48* .46* .59* .59* .64 .46* .54* .54 .65 
P uptake .53** .61** .71** .72** .73* .65** .69** .70** .73* 
Plant Index 2 .25 .76** .76** .76** .80** .78** .80** .81** .83** 
Plant Index 4 .58** .55** .71** .71** .73* .63** .70** .71** .72* 
^ 2 2 5^-variable regression: Y = a + b^ P + b^ pH + b^ P x pH + b^ P + b^ pH . 
*Significant at 5% level. 
**Signifleant at 1% level. 
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Table 30. The bg regression coefficients (intercepts) from the linear 
regressions of plant-available P methods on extractable P meth­
ods in the individual experiments for similar soil groups 
Bray 01sen 
Plant-available Experiment number Experiment number 
P method 1 2 3 4 1 2 3 4 
SW subsoils (alfalfa)^  
Plant weight -  —  — - 0.1 0.7 -  - - - 0.0 0.3 
P uptake -  —  -  - 0.2 1.5 -  - -0.1 0.4 
Plant Index 1 -  - -  - 16.1 19.6 -  - -  - -6.0 10.5 
Plant Index 3 -  - -  - 5.8 13.7 - - -1.9 7.6 
SC and EC subsoils fcorn) b 
Plant weight 1.0 -  - 1.2 1.0 1.0 1.1 1.1 
P uptake 0.9 — 1.0 0.7 0.8 -  —  0.9 0.8 
Plant Index 2 9.9 — 7.8 19.1 7.9 -  - 3.4 19.7 
Plant Index 4 3.3 — 3.2 5.7 2.9 • -  - 2.0 3.6 
Surface soils (corn>^  
Plant weight 0.9 1.4 —  - 1.0 1.4 - - - -
P uptake 0.2 1.4 -  - — - 0.5 1.3 —  - -  -
Plant Index 2 1.4 17.1 - - —  —  8.7 14.6 -- - -
Plant Index 4 -4.8 14.8 -1.0 11.0 
n^ = 14 and 9 for Experiments 3 and 4, respectively, 
n. = 10, 6, and 10 for Experiments 1, 3, and 4, respectively. 
n^ = 9 and 15 for Experiments 1 and 2, respectively. 
deviate, the lower the R values for the combined data will be. Since devi­
ations in the b^  and b^  values from the various experiments were not con­
stant among plant-available P methods, the R values of the combined data 
will reflect these deviations and not be an unbiased measurement of differ­
ences among these plant-available P methods. 
An approximafinn of the homogeneity of the regression components also 
can be obtained by comparing the R values of the two-factor regressions on 
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Table 31. The b. regression coefficients (slopes) from the linear regres­
sions of plant-available P methods on extractable P methods in 
the individual experiments for similar soil groups^  
Bray Olsen 
Plant-available Experiment number Experiment number 
P method 1 2 3 4 1 2 3 4 
SW subsoils (alfalfa) .... 
Plant weight • - 0.011 0.053 -  - - 0.062 0.280 
P uptake • - 0.019 0.130 -  - - 0.108 0.720 
Plant Index 1 • -  .  1.11 1.30 -  - - 7.09 6.60 
Plant Index 3 • - 0.55 0.92 -- - 2.95 4.57 
SC and EC subsoils (corn) 
Plant weight 0.020 • - 0.018 0.017 0.044 0.088 0.031 
P uptake 0.029 • - 0.030 0.040 0.062 0.136 0.100 
Plant Index 2 1.66 — 0.64 0.69 3.86 • - 3.21 1.96 
Plant Index 4 0.32 - - 0.25 0.17 0.75 1.14 0.74 
Surface soils (corn) 
Plant weight 0.025 0. 053 -  - **- 0.068 0. 174 -  - - -
P uptake 0.092 0. 088 -  - - - 0.264 0. 335 - -
Plant Index 2 2.15 1. 09 -  - - - 6.06 4. 31 -- --
Plant Index 4 1.14 1. 02 3.24 4. 39 
dumber of observations for each group are given in the footnotes of 
Table 30. 
extractable P and pH for the combined data (Table 29) with those for the 
individual experiments (shown in various tables for Experiments 1 to 4). 
If the combined R value falls below the lowest R value of the individual 
experiments, considerable heterogeneity in one or more of the degression 
components is suspected. With increased heterogeneity, increased loss in 
precision for testing all variables and particularly the squared and inter­
action terms, which are of most interest, thus has occurred. 
The R values in Table zy show the effect of increasing the number of 
the variables from the simple regressions to the five-factor multiple 
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regressions of selected plant-available P methods on quadratic effects of 
extractable P and soil pH and their linear x linear interaction. Since the 
two-factor regressions for extractable P and pH have been discussed pre­
viously in all of the individual experiments, only the effects of the P x 
2 2 pH, P , and pH terms in the three- and five-factor regressions will be 
discussed. 
For the southwest subsoils with alfalfa as the test crop, the R values 
were increased by addition of the interaction term for both of the direct 
plant-available P methods on both chemical methods and for Plant Index 3 on 
Olsen P. In all of these, the interaction term was significant at the 5 
to 10% level in the three-factor regressions. In the five-factor regres-
2 
sions, the pH term was significant at the 10% level in the P uptake — 
2 
Bray P regression and the interaction and P terms were significant at the 
5% and 10% levels, respectively, in the Plant Index 1 — Bray P regression. 
2 
The interaction and pH terms were significant at the 5% level for all 
regressions involving Olsen P except for Plant Index 1. The Bray and Olsen 
methods were about equally effective in the more complex regressions, as 
they were in the individual experiments for alfalfa. 
For the combined group of south-central and east-central subsoils, the 
R values were increased slightly by the interaction and squared terms for 
all combinations of plant-available P and chemical methods except Plant 
Index 2 and Olsen P and Plant Index 4 and both chemical methods. Even with 
five variables, R values were higher for the Olsen method than for the Bray 
method; however, the regression coefficients in the individual experiments 
for the Bray method were much more heterogeneous than chose ToL' Llic Olsen 
method. In the three-factor regressions, the P x pH interaction was sig-
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nificant at the 10% and 1% levels for the regressions of plant weight and P 
uptake on Olsen P, respectively, but had no effect on those on Bray P. In 
the five-factor regressions, the interaction term had the same significance 
in the plant weight and P uptake regressions on Olsen P as in the three-
2 factor regressions. The pH term was significant at the 10% level for 
Plant Index 2 on Olsen P. None of the three terms (interaction and squared 
terms) had any significant effect in the regressions on Bray P. 
For the surface soils, the R values for most plant P and chemical 
methods were increased only slightly by the additional terms; the increases 
were moderate for plant weight, but initial R values were much smaller than 
2 for the other plant-available P methods. The P term had a significant 
effect at the 5% to 10% level only in the regressions for plant weight; the 
2 pH and P x pH terms were not significant in any of three- or five-factor 
regressions. 
In summary, addition of the interaction term frequently increased the 
R values in the combined analyses for the subsoil groups, particularly in 
2 
the southwest subsoils with alfalfa as a test crop. The extractable P 
term occasionally had a significant effect on the R values ; with the 
limited soil volume used in greenhouse pot experiments, the extractable P 
level in the subsoil generally would be expected to have only a linear 
2 
effect on plant growth. The pH term had a significant effect on the R 
values primarily in the combined group of southwest subsoils with alfalfa 
as the test crop; this effect indicates that pH values in the more acid 
range may have more of a non-linear effect on growth with alfalfa than with 
corn as the test crop. If horizons greater than pH 7.0 had been included 
in the combined analyses, a more marked curvilinear pH effect also would 
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have been expected. In many cases, the decreased R values for the combined 
analyses compared to those for the individual regressions indicated consid­
erable heterogeneity among the individual regressions; these effects 
decreased the sensitivity of the combined analyses to detect interaction 
and curvilinear effects. 
Relationship between Bray- and Olsen-extractable 2 
The correlations between the Olsen/Bray ratios of extractable P and 
soil pH were previously reported in Part I for the southwest Iowa subsoils. 
These results, given in Tables 4 and 6 and in Figures 12 and 13, showed 
that pH along with horizon depth influenced the Olsen/Bray ratios. The 
amount of P extracted by the Olsen method increased relative to that by the 
Bray method as pH increased or as depth of the soil horizon increased. 
Bie correlations between Bray- and Olsen-extractable P for different 
horizons in all of the southwest soils are shown in Table 32; the correla­
tions between soil pH and Bray and Olsen P, shown previously in Table 5, 
are also included in Table 32. For the regressions of plant-available P on 
chemically-extractable P and pH for different soil groups which were pre­
sented in Experiments 1 to 4, the simple correlations between any combina­
tions of pH, chemical method, and plant-available P method were calculated 
and given in the correlation matrices in Table A-7 (Appendix). The r val­
ues between Bray P and soil pH and between Bray P and Olsen P for selected 
soil groups are summarized in Table 33. 
For the southwest subsoils less than pH 6.81, the simple correlations 
between Bray and Olsen P decreased with depth (Table 32). For the entire 
pH range, the correlations showed the same trend with depth except that the 
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Table 32. Correlation coefficients between Bray- and Olsen-extractable P 
and between each and soil pH, all southwest Iowa profiles 
Soil pH Bray 
range and Bray P Olsen P a.nd 
soil depth No. Average and pH and pH Olsen I 
(inches) obs. pH (r) (r) (r) 
Entire pH range 
0-6 22 6.19 .06 .28 .94** 
6-12 16 6.26 -.17 .05 .87** 
12-24 32 6.40 -.26 .08 .75** 
24-36 32 6.46 -.63** -.29 .74** 
36-48 32 6.56 -.89** -.78 .77** 
6-24 48 6.35 -.21 .08 .79** 
24-48 64 6.52 -.74** -.51** .76** 
Less than pH 6.81 
0-6 19 5.99 .27 .32 .97** 
6-12 14 6.08 .13 .34 .87** 
12-24 26 6.17 .12 .39* .76** 
24-36 25 6.20 -.48* .03 .70** 
36-48 25 6.29 -.86** -.53** .60** 
6-24 40 6.14 .14 .38** .80** 
24-48 50 6.25 -.61** -.15 .68** 
Greater than PH 6.80 
6-24 8 7.41 -.81* -.80* .90** 
24-48 14 7.48 -.95** -.85** .95** 
*Significant at the 5% level. 
**Significant at the 1% level. 
correlation between Bray and Olsen P at 36 to 48 inches deep was higher 
than for the same horizons less than pH 6.81. The correlations for the 
subsoils greater than pH 6.8 were unexpectedly higher than those for the 
ftc-id soils, possibly due to an uneven distribution of the few points over 
the pH range of 6.8 to 8.1 (Figures 10 and 11). Associated with the 
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Table 33. Simple and multiple correlation coefficients for regressions of 
Bray-extractable P on soil pH, Olsen-extractable F, and the com­
bination of both variables 
Exp. 
no. 
No. 
obs. Soil group 
pH 
range 
pH 
(r) 
Olsen P 
(r) 
Olsen 
P+pH 
(R) 
1 11 SW subsoils 5.6-7.0 -.47 .94** .96** 
2 20 SW subsoils 5.7-7.1 -.22 .66** .77** 
12 SW subsoils <36" deep 5.7-6.8 -.11 .77** .85** 
8 SW subsoils 42-48" deep 6.0-7.1 -.78* .50 .82 
3 16 SW subsoils (Group 1) 5.7-7.8 -.42 .65** .81** 
14 SW subsoils (Group 2) 5.7-6.8 -.08 .57 .82** 
12 SW subsoils (Group 3) 6.1-7.8 -.62 .71** .83** 
10 SW subsoils (Group 4) 6.1-6.8 -.31 .57 .83** 
4 16 SW subsoils (Group 1) 5.4-7.15 -.55* .83* .89** 
14 SW subsoils (Group 2) 5.4-6.8 -.56* .85** .89** 
12 SW subsoils (Group 3) 6.0-7.15 -.35 .55 .76* 
10 SW subsoils (Group 4) 6.0-6.8 -.35 .58 .74 
9 SW subsoils (alfalfa) 5.9-7.15 -.53 .86** .94** 
3,4 23 SW subsoils-alfalfa 5.7-7.15 -.32 .71** .86** 
1,3,4 26 All SO and EC subsoils 4.5-7.1 . .44* .78** .87** 
1,2 26 All . surface soils 4.8-7.4 .24 .95** .96** 
•Significant at the 5% level. 
••Significant at the 1% level. 
decreasing correlations between Bray and Olsen P with depth were slightly 
decreasing average soil pH values and a change in the correlations between 
the two chemical methods and soil pH from slightly positive in the upper 
horizons to highly negative in the lowest horizons (Table 32). Therefore, 
the Bray P--01sen P correlations were affected by both pH and depth, just 
as the Bray P/Olsen P ratios were shown to be affected by both in Part I. 
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For the various southwest subsoil groups used in Experiments 1 to 4, 
the simple correlations between Bray and Olsen P were variable (Table 33); 
this variability is probably associated with the different pH and depth 
distributions of the horizons among groups plus the variation encountered 
with small sample size. 
Hie correlation between Bray and Olsen P was slightly higher for the 
south-central and east-central subsoils than for the southwest subsoils 
(Table 33). The correlation between the two methods was high for the sur­
face soils (r = .95, Table 33 and r = .94 to .97, Table 32). 
To determine the effect of soil pH on the relationship between the 
Bray and Olsen chemical methods, multiple regressions of Bray P on Olsen P 
and pH were also calculated for the various soil groups used in the four 
experiments. The R values for selected groups are given in Table 33. 
Except for the southwest subsoil group in Experiment 1 which had a 
very high simple correlation between Bray P and Olsen P, addition of the pH 
variable improved the R values over the r values from slightly to markedly 
for the southwest subsoil groups in the other experiments (Table 33). For 
the largest group of southwest subsoils in Experiments 2, 3, and 4 (n = 20, 
16, and 16, respectively) and the combined group in Experiments 3 and 4 
with alfalfa (n = 23), the average r and R values were 0.71 and 0.83, 
respectively. The average gain in the percentage of deviations explained by 
2 2 
the multiple regression compared to the simple regression (R - r ) due to 
the addition of the pH variable thus was 19%. 
Addition of the pH variable also improved the correlation between Bray 
P and Olsen P for the south-central and ease-central bubsoilô (Table 33); 
the gain in the percentage of deviations explained by the multiple regres-
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sipn was about 15%. For the surface soils, addition of the pH variable had 
little effect on an already high simple correlation between Bray and Olsen 
P; however, few horizons were above pH 7.0, and none had free carbonates. 
Two factors, soil pH and horizon depth, influence the correlations 
between Bray and Olsen P, either directly or indirectly through their cor­
relations with the types of phosphate minerals present. Above pH values as 
low as 6.0, the amounts of P extracted by the Bray method decrease relative 
to the amounts extracted by the Olsen method as soil pH increases (Figures 
12 and 13, Part I). The effect of horizon depth on the Olsen/Bray ratio 
(Table 4, Part I) appears to be related to the weathering in the soil pro­
file and the types of phosphate minerals present. The relative effective­
ness of the two methods for measuring plant-available P in subsoils should 
depend on the forms of soil P in the different horizons. At the intermedi­
ate depths where the phosphate minerals are more weathered and the Fe- and 
Al-phosphates predominate, the Bray method should be about as effective as 
the Olsen method. But, as the soil depth and soil pH increase, the ratio 
of the Ca-phosphates to the Fe- and Al-phosphates increases, and the rela­
tive effectiveness of the Bray method to the Olsen method decreases. 
Although only the pH variable was included in the multiple regressions of 
Bray on Olsen P, the results in Part I and the decreasing correlations 
between the two methods with depth shown in Table 32 indicate that a hor­
izon depth factor should also be included in the multiple regression. 
In summary, the simple correlations between Bray- and Olsen-extract-
able P decreased with horizon depth and with increasing subsoil pH values. 
Simple correlations between the two methods averaged auûuC 0.70 fer zll 
southwest subsoil horizons, 0.78 for the south-central and east-central sub­
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soils and 0.95 for the surface soils used in Experiments 1 to 4. Addition 
of the pH variable to the regressions of Bray P on Olsen P increased the R 
values for the southwest subsoils and south-central and east-central sub­
soils to 0.83 and 0.87, respectively, but had no effect on the high r value 
for the surface soil group. 
Improvement in the interpretation of the Bray method 
The relationships between Bray- and Olsen-extractable P in the subsoil 
horizons found in this investigation are of considerable interest because 
they may have immediate practical application. Through other research pro­
grams (Dr. L. C. Dumenil, Iowa Corn Yield Study, and Dr. T. E. Fenton, Iowa 
Soil Correlation Studies, Department of Agronomy, Iowa State University, 
Ames, Iowa), genetic horizons from about 1700 soil profiles have been ana­
lyzed for Bray-extractable P; these data are now being summarized by soil 
type to determine the means, ranges, and standard deviations of Bray P for 
each soil type. 
From the experimental data presented, it is evident that the Bray 
method is not as good as the Olsen method for predicting the plant-avail­
able P in subsoil horizons, particularly for the southwest subsoils. Only 
for the surface soils was the Bray method as effective as the Olsen method; 
however, too few neutral to calcareous surface soils were included to 
determine if the Bray method was less efficient on these soils, as has been 
reported by some other investigators. 
Since the addition of the soil pH variable increased the correlations 
between Bray P and both Olsen P and plant-available P, it is possible to 
convert the Bray P levels in the many profiles tested to date to values 
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more closely related to Olsen P and plant-available P by using a multiple 
regression equation of Olsen P on Bray P and soil pH. For example, the 
regression equation of Olsen P derived from 90 subsoil horizons less than 
pH 6.8 from the southwest Iowa profiles used in the study (R = .86) is as 
follows: 
Olsen P (Adjusted Bray P) = -14.8 + 0.317 Bray P + 2.39 pH 
From this equation, the "Adjusted Bray P" values (Olsen P equivalents) for 
two subsoil horizons both testing 20 ppm Bray P but having pH values of 5.8 
and 6.8 are estimated to be 5.4 and 7.8, respectively. The equation also 
shows that the "Adjusted Bray P" values are the same for 20 ppm Bray P at 
pH 5.8 as for 12.5 ppm Bray P at pH 6.8. 
Improvement in the precision of the above equation can probably be 
made through increased knowledge of the factors affecting the Bray method. 
Increased understanding in two areas is needed for further improvement of 
the Bray method. 
First, the effect of pH on the Olsen—Bray P relationships needs to be 
fully understood. This investigation showed that the effect of pH was 
mostly linear in the range of pH 5.5 to 7.0. Unknown is how much the pH 
affects these relationships in the very acid to acid subsoils and in the 
neutral to calcareous subsoils. 
Second, a clearer understanding of the extractable-P relationships in 
the various horizon depths is needed. This research shows clearly the 
effects of pH and horizon depth on plant-available P at a given level of 
extractable P. Previous research has shown decreased ratios of Fe- and Al-
phosphates to Ca-phosphates with increasing profile depth. Before the 
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effectiveness of the Bray method for the different soil profile depths can 
be improved, the relationships among soil P fractions, extractable P lev­
els, soil pH, and plant responses need to be determined. Moreover, another 
variable appears to be the type of crop grown. In this experiment, corn 
and alfalfa responded differently to extractable P and soil pH levels; per­
haps other crops will respond differently as well. 
Possible improvements in experimental design 
In retrospect, some limitations in the experimental design used for 
this study became evident as the data were analyzed statistically. The 
indirect plant-available P methods (Indexes 1 to 4) required two pots per 
horizon, (-P) and (+P) treatments, and five replications of both treatments 
usually were used, a total of 10 pots per horizon. Only after completing 
the greenhouse experiments and the subsequent statistical analysis was it 
evident that the study of the more complex relationships by multiple regres­
sion analysis was limited because of the relatively small population of 
horizons per subsoil group. 
A rule-of-thumb for the absolute minimum number of observations per 
variable in multiple regression is five, and a safer minimum is ten. The 
absolute minimum value was violated in several of the multiple regressions. 
Ihe usual consequence of this procedure is loss of precision for testing 
the effects of the additional variables; occasionally, exaggerated regres­
sion coefficients and significance levels occur. 
When limited by the number of greenhouse pots that can be handled (as 
true in this experiment), increasing the soil horizons per variable can 
be obtained in two ways: (I) using only the direct methods for measuring 
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plant-available P instead of the indirect methods which require twice the 
number of pots per horizon; and (2) decreasing the number of replications. 
As mentioned previously, there was little advantage of the indirect methods 
over the better direct method (F uptake) for most of the soils and experi­
ments. Therefore, much more statistical power could have been obtained by 
doubling the number of horizons and eliminating the (4-P) treatments; also, 
additional horizons could have been included with a possible increase in 
statistical efficiency by reducing the number of replications from 5 to 4 
or to possibly 3. 
The indirect methods may have an advantage over the direct methods, 
however, if experiments are to be combined; the relative yields used in the 
indirect methods generally show less variability among experiments than the 
absolute yields of the direct methods since they are less affected by out­
side factors such as light intensity, temperature, moisture status, and 
nutrient deficiencies. 
In this type of experiment, it might have been better to sacrifice 
some precision in the "plant-available F methods" and "within pots treated 
alike" error components to get an increased number of horizons. If the 
number of surface and subsoil horizons per soil group had been increased by 
two to three times, then some of the linear, curvilinear, and interaction 
effects could possibly have been more precisely determined. 
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SUMMARY 
This investigation was concerned in general with the distribution and 
amounts of chemically-extractable and plant-available P in Iowa soil pro­
files developed from loess, with primary emphasis on the deep loess sub­
soils of southwest Iowa. 
The primary objectives of the study were; 
1. To determine the chemical solubility of the P in the subsoil hori­
zons of various soil series derived from loess, particularly those 
from southwest Iowa. 
2. To determine the relationship between the extractable P in differ­
ent soil horizons by three well-known chemical methods and various 
selected indexes of plant-available P, as determined by growth of 
corn and alfalfa in the greenhouse. 
3. To determine the effect of the pH of soil horizons from the vari­
ous profiles on the relationships between extractable P by these 
different methods and plant-available P. 
4. To determine the relative uptake of subsoil P by corn and alfalfa 
and the influence of pH and extractable P levels on the uptake. 
Soils used in this study were mostly selected from sites previously 
established for other research programs or from soil type locations estab­
lished by the Soil Conservation Service. Seventeen profiles were collected 
from southwest Iowa and six from south-central and east-central Iowa. Soil 
samples from these sites were collected in 6-inch increments to a depth of 
48 inches. After screening and mixing each sample, a subsample was taken 
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for chemical analysis, and the remainder was saved for use in subsequent 
greenhouse experiments. 
Laboratory measurements for soil pH were made for all soil horizons 
both in O.OIM CaClg and in H2O. The correlation between the two pH methods 
was very high, and the r values for correlations between the two methods 
and extractable P were similar; therefore, only the pH(H20) method was used 
to present most of the data. Chemically-extractable P was determined by 
the Bray, Olsen, and Resin methods for all soil horizons. 
Part I, Chemical and Morphologic Characteristics 
of the Soil Profiles 
The levels of P extracted from soil horizons varied according to hori­
zon depth. In the surface soil (0-6 inch), levels of extractable P were 
quite variable, partly because of prior applications of manure and fertil­
izer. In subsoils, very low levels of extractable P occurred below the 
plow layer, generally in the 6-24 inch layers, for most profiles studied; 
this corresponds mostly to the A^ -B^  genetic horizons. From these minimum 
values, the extractable P level increased with increasing depth, reaching a 
maximum in the lower B^  to upper C^  horizon area (generally about 30-48 
inches in depth). Where free carbonates were encountered, very low levels 
of extractable P were present regardless of depth. 
Differences in extractable P levels were found among the subsoils of 
the four soil series from southwest Iowa; these differences probably 
reflect differences in weathering primarily. Very low levels of extract-
able P were found in subsoils of the calcareous Ida profiles, where little 
weathering has occurred. The more highly weathered Huuuua piwlllea liâu 
higher extractable P levels than the Ida profiles but generally lower lev­
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els than the more highly weathered Marshall or Sharpsburg profiles. 
Extractable P levels were similar for the Marshall and Sharpsburg profiles. 
%e soil profiles sampled from south-central and east-central Iowa 
were formed in relatively shallow loess deposits that had undergone consid­
erable weathering. Vegetation was an important factor influencing extract-
able F levels for these soils. Soils formed under forest vegetation 
(Fayette, Rathbun, Weller) were found to contain higher levels of extract-
able P than similar soils formed under prairie or mixed forest-prairie veg­
etation (Tama, Kniffin). 
Large variations were found in extractable P levels for profiles 
within the Monona and the Marshall series. These differences are in part 
related to the degree of weathering. Profiles of the Monona series that 
approached the Ida series in weathering and in soil pH had low levels of 
extractable P, while those that showed more weathering contained higher 
levels of extractable P and were more like the Marshall profiles. Local 
factors affecting weathering, such as slope, can account for some differ­
ences in P levels. 
Ihe shapes of the extractable P distribution curves with depth for the 
three chemical methods were similar for the various soil profiles. The 
actual amounts of extractable P, however, were quite different, and they 
decreased in the order of Bray, Resin, and Olsen. The only exceptions to 
the latter were in the highly-weathered profiles of south-central Iowa 
(Weller, Rathbun, and Kniffin) where the Resin method gave higher values 
than the Bray. These subsoils have a high content of clay, especially in 
the B horizon, and the Resin method is apparently able to prevent the read-
sorption of the P extracted, as may occur with the Bray and Olsen methods. 
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Although the depth distribution curves were in general similar for the 
three methods, the relative amounts extracted by the different methods 
varied with horizon depth. Thus, the ratio of Olsen to Bray values 
increased from an average of 0.23 in the minimum P horizons to .0.29 in the 
24-30 inch horizons and to 0.41 in the 42-48 inch horizons. Ihe correspond­
ing average pH values were 6.18, 6.21, and. 6.23, respectively. These dif­
ferences in the Olsen/Bray ratios probably reflect the lower degree of 
weathering and the greater amount of Ca-phosphates present with increasing 
depth, although average pH values were similar; and by the more effective 
solution of Ca-phosphates by the Olsen than the Bray method. 
Coefficients of correlation between pH and extractable P by the dif­
ferent methods were calculated for different horizon depths of the south­
west Iowa profiles. For horizons of <ï>H 6.81, a general continuum in the 
correlation coefficients with depth occurred, ranging from slightly posi­
tive correlations, although non-significant, in the surface and upper sub­
soil horizons (6-24 inches) to less positive or slightly negative ones in 
the intermediate horizons (24-36 inches) and to highly negative and signif­
icant ones in the lowest horizons (36-48 inches). These changing correla­
tions between pH and extractable P with depth in the profile are believed 
to be explained by differences in the degree of weathering and the resul­
tant types of P compounds present. 
For horizons of pH> 6.8, the correlation coefficients between pH and 
extractable P by all methods were highly negative in all layers below 12 
inches, indicating a lower degree of weathering and a higher proportion of 
Ca- to Fe- and Al- phosphates with increasing pH. 
226 
To study the relationships between extractable P methods and soil pH, 
the ratios of the extractable P levels by the three methods in each of the 
three horizon depths (minimum P, 24-30 inches and 42-48 inches deep) were 
regressed on soil pH. The positive and significant correlations between 
the Olsen/Bray and Resin/Bray ratios and soil pH in the various horizons 
showed that smaller amounts of soil P were extracted by the Bray method 
relative to those extracted by the other methods as soil pH increased from 
5.6 to 6.8. In the 24-30 inch horizons, for example, the regression showed 
that the Olsen method extracted only about 15% as much P as the Bray method 
at pH 5.6, but at pH 6.8, the relative value was increased to 42%. 
The extractable P ratios involving the Bray method in the southwest 
and east-central subsoils thus vary with soil pH within similar horizon 
depths and with depth of horizon when average pH and the range in pH values 
are similar. 
Part II, Biological and Chemical Availability 
of Soil P 
Plant-available P levels of selected soil horizons from 23 profiles 
from southwest, south-central, and east-central Iowa were determined in 
four greenhouse experiments, using corn (all experiments) and alfalfa 
(Experiments 3 and 4). The corn and alfalfa were planted in plastic con­
tainers containing 500 g of soil and 800 g of sand. Two basic treatments 
were used in all experiments; (1) without P (-P) to determine, the avail­
ability of the native soil P to the crop, and (2) with P (+P) to provide 
adequate P for maximum growth. Each treatment was replicated 4 or 5 times. 
At the end of the growth periods (4 to 5 weeks for corn and 6 to 12 weeks 
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for alfalfa), the plant tops were harvested, weighed, and chemically ana­
lyzed for P. 
Plant-available P was expressed by six methods: two direct measure­
ments of plant weight and total P uptake from the (-P) treatments, and four 
indirect measurements (Plant Indexes 1 to 4) using the relative levels of 
plant weight and total P uptake from the (-P) and (+P) treatments, each 
uncorrected and corrected for the plant weight or total P uptake from the 
"check" pots, sand only and without P added. Plant Indexes 1 and 3 were 
the ratios of plant weights and total P uptakes, respectively, uncorrected 
for the "check" values ; Plant Indexes 2 and 4 were the ratios of plant 
weights and P uptakes, respectively, in which the "check" values were sub­
tracted from the plant weights or P uptakes prior to calculating the 
ratios. 
All plant-available P methods were regressed on each of the extract-
able P levels by the Bray, Olsen, and Resin chemical methods to determine 
which plant and chemical methods were most highly correlated. 
Experiment 1 was designed to compare the availability of soil P to 
corn grown on southwest and south-central subsoil horizons and on surface 
horizons from both areas. A total of 30 horizons from nine profiles were 
used in the experiment. 
Most simple correlations between the plant-available P and chemically-
extractable P by the various methods were fairly high in each of the three 
soil groups. All chemical methods were about equally effective for pre­
dicting plant-available P in the surface and south-central subsoils; how­
ever, the Bray method was less effective for this purpose in the southwest 
subsoils than the other two methods. Correlations associated with any 
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plant-available P method were not consistently different from those of the 
other methods. 
The multiple regression coefficients (R values) for the regressions of 
plant-available P on both extractable P and soil pH were no higher in inost 
cases than the simple correlations (r values) between plant-available P and 
extractable P for all soil groups in Experiment 1. 
Experiment 2 was designed to study the variations in subsoil P avail­
ability to corn as related to the pH values of the horizons and to compare 
differences in the P availability of the surface soils and subsoils of 
southwest Iowa. Twenty subsoil horizons from nine southwest profiles and 
17 surface horizons, all from southwest soils except two from east-central 
Iowa, were used in the greenhouse experiment. 
For the surface soils, the simple correlations between the plant-
available P methods and both the Bray and Resin methods were only slightly 
lower than those associated with the Olsen method. However, for the south­
west subsoils, the correlations between plant-available P and Bray P were 
significantly lower than those involving the Olsen and Resin methods. 
Correlations between plant-available P and soil pH were positive in 
the surface soils and in the subsoil horizons to 36 inches deep. In the 
deepest layer, 42-48 inches deep, all plant-P methods were negatively cor­
related with pH. 
In the multiple regressions of plant-available P on both pH and 
extractable P, the Bray and Olsen methods were about equally effective for 
predicting plant-available P in the surface soils of Experiment 2. For all 
southwest subsoils (pH range of 5.7 to 7.1), including the pH variable 
along with Bray-extractable P improved the relationship between plant-
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available P and Bray P but did not Increase the correlation to equal those 
obtained with the other two methods. Addition of the pH variable had no 
effect on the relationships Involving the Olsen method. 
Experiment 3 was designed to study further the Influence of soil pH on 
the availability of subsoil P and to compare its availability to two dif­
ferent crops, corn and alfalfa. Sixteen subsoil horizons from seven south­
west profiles and six subsoil horizons from three south-central and east-
central profiles were used. The alfalfa growth on the (-P) treatments was 
poor for the subsoils with pH values less than 6.0, and growth on all 
horizons was reduced by red spider mites. 
Based on the simple correlations, the Bray method was less effective 
than the other methods for predicting plant-available P for both corn and 
alfalfa in the southwest subsoils. For both crops, comparisons of the r 
values among the southwest subsoils grouped by pH ranges showed that the 
relationships with the Olsen method were least affected and those with the 
Bray method were most affected by variations in soil pH. 
Addition of variables for soil pH and its interaction with extractable 
P markedly increased the ability of the Bray method to predict plant-
available P for both corn and alfalfa in the southwest subsoils used in 
Experiment 3. Addition of the Interaction term Increased the R values 
markedly in some cases over those associated with the two-variable multiple 
regression on pH and extractable P for both the Bray and Resin methods. As 
in previous experiments, addition of pH and the interaction term had a 
slight to no effect on the correlations with Olsen P. The results from 
this experiment show that the Bray method is more sensitive to soil pfi var­
iations than the other methods in the pH range below neutral (pH range of 
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5.7 to 6.8 in this experiment). Although the simple correlations between 
plant-available P and Bray P were much poorer than those for the other two 
methods, the R values for the multiple regressions including soil pH and 
its interaction with the.Bray P were as good as those for the Olsen and 
Resin methods. 
Experiment 4 had the same objectives as those listed for Experiment 3. 
Corn was grown on 16 subsoil horizons from southwest Iowa and on 10 from 
south-central and east-central Iowa. Alfalfa was also grown on nine of the 
subsoil horizons. 
For the southwest subsoils with corn as the test crop, most correla­
tions between plant P and extractable P were low, and no consistent differ­
ences occurred among the chemical methods. Addition of the pH variable did 
not improve consistently the correlations between plant-available P and any 
of the chemical methods. The low correlation values probably were caused 
by the poor growth of corn. The N and K contents were included in multiple 
regressions of P uptake and Plant Index 4 on both Bray and Olsen P; the 
negative regression coefficients for both N and K percentages indicated 
that neither N nor K deficiency was causing the poor growth. 
Corn growth on the south-central and east-central subsoils was quite 
good. Correlations (both the simple and multiple with the pH variable 
added) between plants-available P and Olsen P were higher than those associ­
ated with the other methods. 
Alfalfa growth was very good in Experiment 4. Although the simple cor­
relations between plant-available P and Olsen P were considerably higher 
than those for Bray P, addition of the soil pH variable increased the R 
values to high and similar values for all chemical methods. 
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Significant increases in the R values due to the addition of the pH 
variable over the r values associated with the Olsen method in this alfalfa 
experiment, in contrast to no effect in previous corn experiments and some 
effect with alfalfa in Experiment 3, indicate that the effect of soil pH on 
plant-available P also includes a direct effect on the growth of alfalfa. 
Bxis direct effect of pH probably is due to the adverse effect of soil 
acidity on alfalfa growth at the lower pH levels; it, therefore, would 
influence the plant-available P relationships with all chemical methods and 
can only be accounted for by including soil pH as a variable in multiple 
regression analysis. 
Part III, Comparative Results and Discussion 
of the Various Experiments 
To compare the plant-available and extractable P methods, the R val­
ues associated with the various combinations of Bray- and Olsen-extractable 
P and the plant-available P methods were averaged over the experiments in 
which similar subsoil groups and the surface soils were used. The R values 
were used since the multiple correlations which included the pH variable 
generally gave more precision for estimating the relationships than the 
simple correlations. 
Although the simple correlations between plant-available and extract-
able P were higher for the Olsen than for the Bray method for all subsoil 
groups, differences between the two chemical methods were decreased, or 
eliminated in some cases, in the multiple regressions on both extractable P 
and soil pH. The average R values, however, were still mostly higher for 
the Olsen method than for the Bray meûhoù iû all siibscil groups except for 
the southwest subsoils with alfalfa as the crop; for the surface soils, the 
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R values for both methods were the sane. With further research on the 
effects of pH, horizon depth, and forms of soil P on these relationships in 
subsoils, the precision of the Bray method mi^ t approach that of the Olsen 
method. An advantage of the Olsen method, however, is that its predictive 
ability is relatively unaffected by soil pH levels and horizons depths; 
this greatly simplifies the statistical analysis for test crops such as 
corn since only simple regressions are needed. 
As indicated by average R values over experiments involving corn as 
the test crop, the indirect methods of Plant Indexes 2 and 4 for measuring 
plant-available P were slightly but not significantly more correlated with 
chemically-extractable P than the other indirect methods (Plant Indexes 1 
and 3) and the direct methods (plant weight and P uptake). No difference 
occurred between Plant Indexes 2 and 4; P uptake was only slightly better 
on the average than plant weight. For alfalfa as the test crop, all plant-
available P methods were equally effective. The direct methods (plant 
weight and P uptake) are less costly to use since they require only one 
treatment (-P) per horizon. However, the indirect methods have an advan­
tage over the direct methods if experiments are to be combined for statis­
tical analysis; relative yields used in the indirect methods generally show 
less variability among experiments than the absolute yields of the direct 
methods since they are less affected by differences in levels of other 
growth variables. 
Corn and alfalfa were grown on all southwest subsoil horizons in 
Experiment 3 and on eight subsoil horizons in Experiment 4. Since the 
growth of alfalfa in Experiment 3 was poor and growth conditions for corn 
in Experiment 4 were poor, comparisons of the direct responses of the two 
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crops to subsoil P levels were confounded by the differential growth condi­
tions. To remove part of the confounding, two methods (the ratios of and 
differences between plant-available p measurements for the two crops) were 
used to obtain relative responses of the two crops to different extractable 
P and soil pH levels. Alfalfa to corn ratios or alfalfa-corn differences 
of the plant weight, P uptake. Plant Index 2, and Plant Index 4 measure­
ments were used for the comparisons. 
For most comparisons in both experiments, the fact that the average 
alfalfa/corn ratios were greater than 1.0 and that the alfalfa-corn differ­
ences were positive indicated that the subsoil P in the southwest Iowa soil 
soils is more available to alfalfa than to corn. Regression analyses 
showed that the alfalfa to corn ratios and differences increased with 
increased soil pH and extractable P levels. In the simple regressions, 
both methods were more highly correlated with Olsen P than with Bray P; 
however, in the multiple regressions with the addition of the pH variable, 
the R values associated with both chemical methods were similar. The mul­
tiple regressions also predict the combination of pH and Bray P levels 
needed to get various alfalfa/corn ratios; for example, to increase the 
ratio to 1.0 in Experiment 3, about 25 ppm Bray P is required at pH 5.5, 
but only about 12 ppm Bray P is needed at pH 6.0. The two methods (ratios 
and differences) were about equally effective for estimating the differen­
tial availability of subsoil P to the two crops. 
To determine which curvilinear effects and interactions involving 
extractable P and soil pH need to be investigated in future studies, the 
data from the southwest subsoils used for alfalfa (Experiments 3 and 4), 
south-central and east-central subsoils used for corn (Experiments 1, 3, 
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and 4), and surface soils used for corn (Experiments 1 and 2) were combined 
for multiple regression analysis. Combining data over experiments gave 
enough observations to use a five-variable multiple regression of plant-
available P on quadratic functions of extractable P and soil pH and their 
linear x linear interaction. The data from the southwest subsoils (corn) 
were not combined for analysis due to the heterogeneity among experiments. 
Addition of the interaction term frequently increased the R values in 
the combined analyses for the subsoil groups, particularly in the southwest 
2 
soils with alfalfa as the test crop. The extractable P term rarely had a 
2 
significant effect on the R values. The pH term significantly affected R 
values, primarily in the combined group of southwest subsoils with alfalfa 
as the test crop; if horizons greater than pH 7.0 had been included in the 
combined analyses, a more marked curvilinear pH effect would be expected. 
In many cases, the decreased R values for the combined analyses compared to 
those for the individual regressions indicated considerable heterogeneity 
among experiments; these effects decreased the sensitivity of the combined 
analyses to detect interaction and curvilinear effects. 
Correlations between Bray- and Olsen-extractable P were determined for 
different horizons in all of the southwest soils. When regressions were 
calculated for the various soil groups in Experiments 1 to 4, the simple 
correlations between Bray and Olsen P and also the multiple correlations 
for the regressions of Bray P on Olsen P and soil pH were determined. 
For the southwest subsoils, the simple correlations between Bray P and 
Olsen P decreased with horizon depth; associated with the decreasing corre­
lations with depth were slightly increasing average soil pH values. For 
the various soil groups in the experiments, the simple correlations aver­
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aged about 0.70 for the southwest subsoils, 0U78 for the south-central and 
east-central subsoils, and 0.95 for the surface soils. Addition of the pH 
variable to the regressions of Bray P on Olsen P increased the R values for 
the southwest subsoils and south-central and east-central subsoils to 0.83 
and 0.87, respectively, but had no effect on the high correlation value for 
the surface soils. As the soil horizon depth and soil pH increase, the 
ratio of the Ca-phosphates to the Fe- and Al-phosphates increases, and the 
relative effectiveness of the Bray to the Olsen method decreases. Addition 
of the soil pH variable increased the correlation between the two, but 
horizon depth, which was not included in the regressions, may also influ­
ence the relationships. 
The relationships between Bray and Olsen P have immediate practical 
application. About 1700 Iowa profiles have been analyzed for Bray-extract-
able P. Since Olsen-extractable P was more highly correlated with plant-
available P than Bray P was, the Bray P levels in many of the profiles 
tested to date can be adjusted to values more closely related to Olsen P 
and plant-available P by using the following regression of Olsen P on Bray 
P and soil pH derived from 90 southwest Iowa subsoil horizons less than pH 
6 . 8 :  
Olsen P (Adjusted Bray P) = -14.8 + 0.317 Bray P + 2.39 pH. 
The Bray P and soil pH values for the subsoil horizons thus can be substi­
tuted into the regression equation to obtain the "Adjusted Bray P" values. 
Studies of the more complex relationships by multiple regression anal­
ysis were limited in this investigation by the relatively small number of 
horizons for some of the subsoil groups in the various experiments, 
although a total of 350 to 470 pots were used in each experiment. This 
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study shows that the number of horizons could have been increased by using 
only the direct methods for measuring plant-available P instead of the 
indirect methods which required twice the number of pots per horizon. The 
indirect methods are needed, however, if data from different experiments 
are to be combined. 
Also, more horizons could be included by decreasing the number of 
replications. This would require, however, that greenhouse conditions are 
well controlled and that extreme care is taken to minimize the errors asso­
ciated with growing crops in the greenhouse. 
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Table A-1. Profile description of soils used in the study 
Horizon Depth Description 
Profile 10 (4% slope) 
Ap 0-6 Black (lOYR 2/1) heavy silt loam; weak fine granular 
structure; friable, abrupt smooth boundary. 
A1 6-13 Very dark brown (lOYR 2/2) silty clay loam; weak fine 
granular structure; clear smooth boundary. 
A3-B1 13-20 Very dark grayish brown (lOYR 3/2) silty clay loam; 
moderate fine subangular blocky structure; friable; 
gradual boundary. 
B2 20-31 Brown (lOYR 4/3) silty clay loam; moderate medium sub-
angular blocky structure; friable, diffuse boundary. 
B3-C1 31-48 Dark yellowish brown (lOYR 4/4) silty clay loam; weak 
medium subangular blocky structure; many fine gray (5Y 
6/1) mottles and many fine strong brown (7.5YR 5/6) 
mottles; friable. 
Profile 11 (10% slope) 
Ap 0-6 Black (lOYR 2/1) light silty clay loam; weak fine gran­
ular structure; friable; abrupt boundary. 
A3 6-10 Very dark gray brown (lOYR 3/2) light silty clay loam; 
weak fine subangular blocky structure; friable; clear 
boundary. 
Bl 10-19 Dark brown (lOYR 4/3) light silty clay loam; moderate 
fine subangular blocky structure; friable; gradual 
boundary. 
B2 19-31 Dark yellowish brown (lOYR 4/4) light silty clay loam; 
weak fine subangular blocky structure; friable; gradual 
boundary. 
B3-C1 31-48 Yellowish brown (lOYR 5/4) silt loam; moderate medium 
prismatic structure; friable. 
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Table A-1. (Continued) 
Horizon Depth Description 
Profile 12 (5% slope) 
Ap 0-6 Black (lOYR 2/1) light silty clay loam; weak fine gran­
ular structure; friable; abrupt smooth boundary. 
A3 6-13 Very dark brown (lOYR 3/2) light silty clay loam; weak 
fine subangular blocky structure; friable; clear smooth 
boundary. 
B1-B2 13-24 Dark brown (lOYR 4/3) light silty clay loam; moderate 
fine subangular blocky structure; friable; gradual 
boundary, 
B2 24-30 Yellowish brown (lOYR 5/4) light silty clay loam; weak 
fine subangular blocky structure; friable; gradual 
boundary. 
B3 30-48 Yellowish brown (lOYR 5/4) silt loam; with common fine 
gray (5Y 5/2), brown (lOYR 4/3), and light yellowish 
brown (lOYR 6/4) mottles; weak fine subangular blocky 
structure; friable. 
Profile 13 (2% slope) 
Ap 0-7 Very dark gray (lOYR 3/1) silt loam; moderate fine 
granular structure; friable; abrupt smooth boundary. 
A2 7-11 Dark gray brown (lOYR 4/2) silt loam; weak coarse platy 
structure parting to moderate fine subangular blocky 
and granular structure; friable; clear smooth boundary. 
B1 11-15 Brown (lOYR 5/3) heavy silty clay loam; few fine dis­
tinct yellowish brown (lOYR 5/4) mottles; moderate very 
fine subangular blocky structure; firm; clear smooth 
boundary. 
B21t 15-21 Dark grayish brown (lOYR 4/2) medium silty clay; many 
fine prominent yellowish brown (lOYR 5/6) mottles; mod­
erate fine and very fine subangular blocky structure; 
very firm; gradual smooth boundary. 
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Table A-1. (Continued) 
Horizon Depth Description 
B22t 21-25 Dark grayish brown (lOYR 4/2) silty clay; many fine 
strong brown (7.5YR 5/6) mottles; moderate fine subangu­
lar blocky structure; very firm; gradual smooth bound­
ary. 
B23t 25-31 Grayish brown (2.5Y 5/2) light silty clay; common 
medium prominent strong brown (7.5YR 5/6) mottles; mod­
erate medium subangular blocky structure; very firm; 
gradual smooth boundary. 
B31t 31-48 Grayish brown (5Y 5/2) silty clay loam; many prominent 
strong brown (7.5YR 5/8) mottles; moderate medium pris­
matic structure; very firm; gradual smooth boundary. 
Profile 14 (3% slope) 
A1 0-4 Very dark gray (lOYR 3/1) silt loam; weak thin platy 
structure; friable; abrupt smooth boundary. 
A2 4-13 Yellowish brown (lOYR 5/4) silt loam; weak thin platy 
structure; friable; clear smooth boundary. 
Bl 13-17 Yellowish brown (lOYR 5/4) silty clay loam; strong very 
fine subangular blocky structure; firm; abrupt smooth 
boundary. 
B21t 17-23 Brown (lOYR 4/3) heavy silty clay; few fine distinct 
grayish brown (2.5Y 5/2) mottles; moderate fine suban­
gular blocky structure; very firm; gradual smooth 
boundary. 
B22t 23-29 Brown (lOYR 4/3) medium silty clay; few fine distinct 
grayish brown (2.5Y 5/2) mottles; moderate medium suban­
gular blocky structure; very firm; gradual smooth bound­
ary. 
B23t 29-36 Mottled grayish brown (2.5Y 5/2) and brown (lOYR 4/3) 
light silty clay; few fine dark brown (lOYR 3/3) mot­
tles; moderate medium subangular blocky structure; firm; 
gradual boundary, 
B31t 36-43 Grayish brown (2.5Y 5/2) silty clay loam; weak medium 
subangular blocky structure; firm; gradual boundary. 
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Table A-1. (Continued) 
Horizon Depth Description 
B32t 43-48 Mottled grayish brown (2.5Y 5/2), yellowish brown (lOYR 
5/4) and strong brown (7.5YR 5/6) silty clay loam; weak 
medium prismatic structure; firm. 
Profile 15 (12% slope) 
Ap 0-6 Very dark gray brown (lOYR 3/2) silt loam; weak fine 
granular structure; abrupt boundary. 
B1-B2 6-17 Dark brown (lOYR 4/3) silt loam; weak fine blocky 
structure; friable; gradual smooth boundary. 
B3 17-26 Dark yellowish brown (lOYR 4/4) silt loam; weak fine 
blocky structure; friable; diffuse boundary. 
Cl 26-34 Yellowish brown (lOYR 5/4) silt loam; massive structure; 
friable; clear boundary. 
C2ca 34-48 Yellowish brown (lOYR 5/4) silt loam; massive structure; 
friable; many CaCO^ concretions. 
Profile 16 (12% slope) 
Ap 0-5 Very dark brown (lOYR 2/2) silt loam; weak fine granu­
lar structure; friable; abrupt boundary. 
Bl 5-14 Very dark gray brown (lOYR 3/2) mixed with dark yellow­
ish brown (lOYR 4/4) silt loam; weak fine subangular 
blocky structure; friable; diffuse boundary. 
B2 14-17 Dark brown (lOYR 4/3) silt loam; weak fine subangular 
blocky structure; few yellowish brown mottles (lOYR 
5/4); friable; diffuse boundary. 
B3-C1 17-48 Yellowish brown (lOYR 5/4) silt loam; weak prismatic 
structure to massive; friable. 
Profile 17 (4% slope) 
Ap 0-7 Very dark brown (lOYR 2/2) silt loam; weak fine granu­
lar structure; friable: abrupt boundary. 
A3 7-11 Very dark gray brown (lOYR 3/2) silt loam; weak fine 
blocky structure; friable; gradual boundary. 
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Table A-1. (Continued) 
Horizon Depth Description 
B1-B2 11-22 Dark yellowish brown (lOYR 4/3) light silty clay loam; 
moderate fine subangular blocky structure; friable; 
gradual boundary. 
B3 22-31 Yellowish brown (lOYR 5/3) light silty clay loam; weak 
fine subangular blocky structure; friable; gradual 
boundary-
CI 31-48 Yellowish brown (lOYR 5/3) silt loam; massive; friable. 
Profile 18 (3% slope) 
Ap 0-7 Dark gray brown (lOYR 4/2) silt loam; moderate thin 
platy structure; friable; abrupt smooth boundary. 
A2 7-12 Brown (lOYR 5/3) silt loam; moderate medium platy 
structure; friable; clear smooth boundary. 
B1 12-15 Yellowish brown (lOYR 5/4) silty clay loam; moderate 
fine subangular blocky structure; friable; clear smooth 
boundary. 
B1-B2 15-18 Yellowish brown (lOYR 5/4) heavy silty clay loam; mod­
erate subangular blocky structure; friable to firm; 
abrupt smooth boundary. 
B21t 18-25 Yellowish brown (lOYR 5/4) medium silty clay; fine sub-
angular blocky structure; very firm; gradual smooth 
boundary. 
B22t 25-34 Yellowish brown (lOYR 5/4) medium silty clay; few fine 
grayish brown (2.5Y 5/2) mottles; weak very fine sub-
angular blocky structure; very firm; gradual smooth 
boundary. 
B31t 34-43 Mottled yellowish brown (lOYR 5/6), dark yellowish 
brown (lOYR 4/4) and grayish brown (2.5Y 5/2) light 
silty clay; firm; gradual smooth boundary. 
B32t 43-48 Mottled grayish brown (2.5Y 5/2) and yellowish brown 
(lOYR 5/6) heavy siltv clay loam; few fine prominent 
strong brown (7.5YR 5/6) mottles; weak medium subangu­
lar blocky structure; firm. 
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Table A-1. (Continued) 
Horizon Depth Description 
Profile 20 (9% slope) 
Ap 0-5 Black (lOYR 2/1) silt loam; weak fine granular struc­
ture; friable; abrupt boundary. 
Bl 5-8 Dark brown (lOYR 4/3) silt loam; weak fine blocky 
structure; friable; clear smooth boundary. 
B2 8-15 Dark yellowish brown (lOYR 4/4) light silty clay loam; 
weak medium blocky structure; friable; diffuse boundary. 
B3 15-22 Dark brown (lOYR 4/3) light silty clay loam; weak fine 
blocky structure; friable; smooth gradual boundary. 
Cl 22-48 Yellowish brown (lOYR 5/4) silt loam; weak medium pris­
matic structure to massive; few large (lOYR 6/3) mot­
tles; friable. 
Profile 21 (5% slope) 
01 0-% Litter. 
A1 %-3 Dark gray brown (lOYR 4/2) silt loam; weak fine platy 
structure; friable; abrupt smooth boundary. 
A2 3-6 Very dark brown (lOYR 4/2) silt loam; weak fine platy 
structure; friable; abrupt smooth boundary. 
A2-B1 6-15 Dark yellowish brown (lOYR 4/4) silt loam; weak fine 
platy structure parting to moderate medium blocky 
structure; many silans; friable; clear smooth boundary. 
B21 15-24 Dark yellowish brown (lOYR 4/4) silty clay loam; moder­
ate medium blocky; friable; many silans; gradual bound­
ary. 
B22 24-44 Dark yellowish brown (lOYR 4/4) silty clay loam; moder­
ate coarse blocky structure; few silans; friable; grad­
ual smooth boundary. 
b3 44-46 ïellowisli uLowu (ICYR 5/4) light silty clay loa=; mod­
erate medium prismatic structure; few yellowish brown 
(lOYR 5/6) and few pale brown (lOYR 6/3) mottles; fri­
able. 
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Table A-1. (Continued) 
Horizon Depth Description 
Profile 22 (5% slope) 
Ap 0-7 Very dark brown (lOYR 2/2) light silty clay loam; weak 
fine granular structure; friable; abrupt boundary. 
A3 7-9 Very dark gray brown (lOYR 3/2) light silty clay loam; 
weak fine granular structure; friable; gradual boundary. 
A3-B1 9-14 Very dark gray brown (lOYR 3/2) light silty clay loam; 
weak fine subangular blocky structure; friable; gradual 
boundary. 
B21 14-23 Dark brown (lOYR 4/3) silty clay loam; weak fine sub-
angular blocky structure; friable; gradual boundary. 
B22 23-32 Dark brown (lOYR 4/3) silty clay loam; moderate medium 
subangular blocky structure; friable; diffuse boundary. 
B23 32-40 Olive brown (2.5Y 4/4) silty clay loam; few prominent 
reddish brown mottles (5YR 4/4); weak fine subangular 
blocky structure; friable; diffuse boundary. 
B3 40-48 Grayish brown to light olive brown (2.5Y 5/3) silt loam; 
many distinct prominent reddish brown mottles (5YR 4/4); 
weak fine subangular blocky structure; friable. 
Profile 23 (16% slope) 
Ap 0-6 Very dark brown (lOYR 2/2) silt loam; weak fine granu­
lar structure; friable; abrupt boundary. 
Bl 6-12 Dark yellowish brown (lOYR 4/4) silt loam; weak fine 
blocky structure; friable; diffuse boundary. 
B2-B3 12-20 Dark yellowish brown (lOYR 4/4) silt loam; weak fine 
blocky structure; friable; diffuse boundary. 
CI 20-25 Yellowish brown (lOYR 5/4) silt loam; massive structure; 
few pale brown (lOYR 6/3) mottles; friable; abrupt 
boundary. 
C2ca 25-48 Yellowish brown (lOYR 5/4) silt loam; massive structure; 
with few pale brown (lOYR 6/3) mottles; friable; strong 
effervescence; large CaCO^  concretions. 
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Table A-1. (Continued) 
Horizon Depth Description 
Profile 24 (10% slope) 
Ap 0-6 Black (lOYR 2/1) silt loam; moderate medium granular 
structure; friable; abrupt smooth boundary, 
A3 6-11 Very dark brown (lOYR 2/2) silt loam; weak fine granu­
lar structure; friable; clear smooth boundary. 
Bl 11-16 Very dark gray brown to dark gray brown (lOYR 3.5/2) 
light silty clay loam; weak fine blocky structure; fri­
able; gradual boundary. 
B2 16-24 Dark brown (LOYR 4/3) silty clay loam; moderate fine 
blocky structure; friable; gradual boundary. 
B3 24-32 Dark yellowish brown (lOYR 4/4) silt loam; weak fine 
blocky structure; common pale brown (lOYR 6/3) mottles; 
friable; gradual boundary. 
CI 32-48 Yellowish brown (lOYR 5/4) silt loam; massive; many 
pale brown (lOYR 6/3) mottles; friable. 
Profile 25 (14% slope) 
Ap 0-8 Very dark brown (lOYR 2/2) silt loam; weak fine granu­
lar structure; friable; calcareous, abrupt smooth 
boundary. 
A-Cl 8-12 Dark yellowish brown (lOYR 4/4) silt loam; weak fine 
granular structure; friable; calcareous; diffuse bound­
ary . 
C2 12-24 Dark yellowish brown (lOYR 4/4) silt loam; massive; 
calcareous; friable; diffuse boundary. 
C3 24-48 Reddish brown (5YR 4/4) silt loam; massive; few small 
distinct pale brown (lOYR 6/3) mottles; friable; CaCO, 
concretions. 
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Table A-1. (Continued) 
Horizon Depth Description 
Profile 26 (10% slope) 
Ap 0-8 Very dark brown (lOYR 2/2) silt loam; weak fine granu­
lar structure; friable; abrupt boundary, 
B1 8-13 Dark yellowish brown (IGYR 4/4) silt loam; weak fine 
blocky structure; friable; gradual boundary. 
B2-B3 13-22 Yellowish brown (lOYR 5/4) silt loam; weak fine blocky 
structure; friable; gradual boundary. 
CI 22-48 Light yellowish brown (lOYR 6/4) silt loam; massive; 
friable. 
Profile 27 (10% slope) 
Ap 0-6 Black (lOYR 2/1) silt loam; weak fine granular struc­
ture; friable; abrupt boundary, 
B1 6-10 Dark brown (lOYR 4/3) light silty clay loam; weak fine 
blocky structure; friable; diffuse boundary. 
B2 10-17 Dark yellowish brown (lOYR 4/4) silty clay loam; weak 
medium subangular blocky structure; friable; gradual 
boundary. 
B3 17-24 Dark yellowish brown (lOYR 4/4) light silty clay loam; 
weak fine subangular blocky structure; friable; gradual 
boundary. 
CI 24-48 Yellowish brown (lOYR 5/4) silt loam; massive; friable. 
Profile 28 (6% slope) 
Ap 0-7 Black (lOYR 2/1) silt loam; weak fine granular struc­
ture; friable; abrupt boundary, 
A3 7-9 Very dark brown (lOYR 2/2) silty clay loam; weak fine 
granular structure; friable; clear boundary. 
61 9-14 Very dark grayish brow" (lOYR 3/2) silty clay loam; 
weak fine subangular blocky structure; diffuse boundary. 
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Table A-1. (Continued) 
Horizon Depth Description 
B2 14-24 Dark brown (lOYR 4/3) silty clay loam; moderate medium 
subangular blocky structure; friable; diffuse boundary. 
B3 24-32 Brown (lOYR 4/4) silt loam; weak medium subangular 
blocky structure; friable; diffuse boundary. 
Cl 32-48 Yellowish brown (lOYR 5/4) silt loam; massive; friable. 
Profile 29 (1% slope) 
Ap 0-8 Black (lOYR 2/1) light silty clay loam; weak fine granu­
lar structure; friable; abrupt smooth boundary. 
A1-A3 8-15 Black (lOYR 2/1) silty clay loam; weak fine granular 
structure; friable; clear smooth boundary. 
B1-B2 15-27 Dark brown (lOYR 4/3) silty clay loam; weak fine sub-
angular blocky structure; friable; gradual boundary. 
32 27-36 Dark yellowish brown (lOYR 4/4) light silty clay loam; 
weak fine subangular blocky structure; friable; gradual 
boundary. 
B3 36-48 Dark brown (lOYR 4/3) light silty clay loam; very weak 
fine subangular blocky structure; friable. 
Profile 30 (6% slope) 
Ap 0-6 Black (lOYR 2/1) silt loam; weak fine granular struc­
ture; friable; abrupt boundary. 
A3 6-10 Very dark brown (lOYR 2/2) light silty clay loam; weak 
fine granular structure; friable; clear boundary. 
Bl 10-15 Very dark grayish brown (lOYR 3/4) light silty clay 
loam; weak fine subangular blocky structure; friable; 
gradual boundary. 
B2 15-23 Brown (lOYR 4/3) silty clay loam; moderate medium sub-
angular blocky structure; friable; gradual boundary. 
B3 23-33 Brown (lOYR 4/3) light silty clay loam; weak medium 
blocky structure; friable; gradual boundary. 
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Table A-1. (Continued) 
Horizon Depth Description 
Cl 33-48 Yellowish brown (lOYR 4/4) silt loam; massive; few com­
mon pale brown (lOYR 6/3) mottles; friable. 
Profile 31 (1% slope) 
Ap 0-6 Black (lOYR 2/1) silt loam; weak fine granular struc­
ture; friable; abrupt smooth boundary. . 
A1 6-10 Black (lOYR 2/1) silt loam; weak fine granular struc­
ture; friable; gradual smooth boundary. 
A3 10-16 Very dark brown (lOYR 2/2) light silty clay loam; weak 
fine blocky structure; friable; gradual boundary. 
A3-B1 16-22 Very dark gray brown (lOYR 3/2) light silty clay loam; 
weak fine blocky structure; friable; gradual boundary. 
B2 22-29 Dark yellowish brown (lOYR 4/4) silt loam; weak to mod­
erate fine blocky structure; friable; gradual boundary. 
B2-B3 29-48 Dark yellowish brown (lOYR 4/4) silt loam; weak medium 
blocky structure; friable. 
Profile 32 (7% slope) 
Ap 0-6 Black (lOYR 2/1) silt loam; weak fine granular struc­
ture; friable; abrupt smooth boundary. 
A3 6-12 Very dark brown (lOYR 2/2) light silty clay loam; weak 
medium granular structure; friable; gradual boundary. 
B1 12-18 Very dark gray brown (lOYR 3/2) light silty clay loam; 
weak fine blocky structure; friable; gradual boundary. 
B2 18-30 Dark brown to brown (lOYR 4/3) light silty clay loam; 
weak fine blocky structure; friable; gradual boundary. 
B3-C1 30-48 Dark brown to brown (lOYR 4/3) silt loam; common gray 
brown (2.5Y 5/2) and few yellowish brown (lOYR 5/6) 
mottles; weak prismatic structure to massive; friable. 
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Table A-1. (Continued) 
Horizon Depth Description 
Profile 38 (5% slope) 
A1-A21 0-5 Very dark gray brown (lOYR 3/2) silt loam; weak fine 
granular structure; friable; clear boundary. 
A22 5-11 Dark brown (lOYR 4/3) silt loam; moderate fine platy 
structure; friable; clear smooth boundary. 
Bl 11-15 Dark yellowish brown (lOYR 4/4) silt loam; moderate 
medium angular blocky structure; clear smooth boundary. 
B21 15-26 Dark yellow brown (lOYR 4/4) silty clay loam; brown 
(lOYR 5/3) mottles; strong medium angular blocky struc­
ture; friable; gradual boundary. 
B22 26-30 Yellowish brown (lOYR 5/4) silty clay loam; weak fine 
blocky structure; friable; gradual boundary. 
B3 30-48 Yellowish brown (lOYR 5/4) silt loam; with common 
medium distinct olive brown (2.5Y 5.4) mottles; weak 
medium prismatic structure; friable; diffuse boundary. 
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Table A-2. Amount of nutrients applied and date of application for the 
various experiments 
Date of 
Phosphorus 
treatment 
Cone. 
micro-
nutrient 
solution 
a 
application designation P N K S (ml)' 
Experiment 1 Corn 
March 25, 1970 +P 6.2 42 23.4 2.4 0.4 
-P 0 42 23.4 2.4 0.4 
April 10, 1970 +P 6.2 42 23.4 2.4 0.4 
-P 0 42 23.4 2.4 0.4 
Total +P 12.4 84 46.8 4.8 0.8 
-P 0 84 46.8 4.8 0.8 
Experiment 2 Corn 
May 24, 1970 +P 40 29 80 0 0 
-P 0 29 80 0 0 
June 6, 1970 -P,+P 0 25 40 13 0.4 
June 11, 1970 -P,+P 0 25 0 0 0.4 
June 16, 1970 -P,+P 0 50 0 0 0.4 
June 20, 1970 +P 0 25 0 0 0 
Total +P 40 154 120 13 1.2 
-P 0 129 120 13 1.2 
Experiment 3 Corn 
July 6, 1970 +P 80 28 80 0 0 
-P 0 28 80 0 0 
July 22, 1970 -P,+P 0 25 0 12 0.4 
July 30, 1970 -P,+P 0 50 40 0 0.4 
August 5, 1970 -P,+P 0 50 0 0 0.3 
Total +P 80 153 120 12 1.1 
-P 0 153 120 12 1.1 
Hoagland and Arnon (1950). 
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Table A-2. (Continued) 
Phosphorus 
Date of treatment 
application designation 
Nutrients added (mg/pot) 
P N K S 
Cone, 
micro-
nutrient 
solution 
(ml) 
Experiment 3 Alfalfa 
July 6, 1970 +P 80 28 80 0 0 
-P 0 28 80 0 0 
July 22, 1970 -P,+P 0 25 0 12 0.4 
August 5, 1970 -P,+P 0 50 0 0 0.3 
Total +P 80 103 80 12 0.7 
-P 0 103 80 12 0.7 
Experiment 4 Corn 
October 8, 1970 +P 80 15 40 0 0 
-P 0 15 40 0 0 
October 24, 1970 -P,+P 0 15 0 13 0 
October 29, 1970 -P,+P 0 15 0 2 0.2 
November 2, 1970 -P,+P 0 15 40 0 0.2 
November 6, 1970 -P,+P 0 30 0 0 0.4 
November 9, 1970 +P 0 70 40 0 0.4 
-P 0 30 0 0 0.4 
Total +P 80 160 120 15 1.2 
-P 0 120 80 15 1.2 
Experiment 4 Alfalfa 
October 8, 1970 +P 80 15 40 0 0 
-P 0 15 40 0 0 
November 3, 1970 -P,+P 0 15 0 15 0.2 
November 11, 1970 -P,+P 0 15 0 0 0.2 
November 18, 1970 +P. 0 15 0 0 0.5 
December 2, 1970 -pb+p 0 15 0 0 0.3 
December 9, 1970 +P 0 15 40 0 0 
26-5,7, 27-5,7, 32-5,7 pots received an additional 45 mg N; 24-5,7, 
38-3 pots received an additional 30 mg N; 12-6,7 pots received an addi­
tional 15 mg N. 
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Table A-2. (Continued) 
Date of 
application 
Phosphorus 
treatment 
designation I 
Nutrients added (mg/pot) 
' N K S 
Cone, 
micro-
nutrient 
solution 
(ml)^  • 
December 17, 1970 0 30 0 0 0 
0 15 0 0 0 
December 31, 1970 +P 0 30 40 0 0 
-P 0 15 40 0 0 
Total +P 80 150. 120 15 1.2 
-P 0 45^  80^  15 1.2 
1^2-6,7, 24-5,7, 26-5,7, 27-5,7, 32-5,7, 38-3 received an additional 
40 mg K; 26-5,7, 27-5,7, 32-5,7 received an additional 0.3 ml micronutri-
ent. 
Table A-3. Chemical analyses of the soil horizons for the profiles used in the study 
Profile Soil PH Exper­
and 1:2 iment 
Soil horizon Depth Genetic 1:1 (O.OIM Extractable P (ppm) in which 
series no. (in.) horizon (HGO) CaClg) Bray Olsen Resin used 
Sharpsburg 10-1 0-6 Ap 5.29 4.95 14 4.1 8.5 1 
10-2 6-12 A1 5.56 5.18 . 6 2.0 5.1 -
10-3 12-18 A3 5.60 5.17 7 1.9 5.1 1,3 
10-4 18-24 B1 5.75 5.42 9 2.3 5.1 1,3 
10-5 24-30 B2 5.80 5.39 15 3.4 7,7 1,3 
10-6 30-36 B3 5.98 5.47 22 5.5 11.7 1,3 
10-7 36-42 B3 6.11 5.60 30 7.9 13.6 3 
10-8 42-48 CI 6.13 5.67 30 9.2 16.4 3 
Marshall 11-1 0-6 Ap 6.02 5.71 32 9.5 24.6 1 
11-2 6-12 A3 6.08 5.67 12 3.9 9.8 -
11-3 12-18 Bl 6.31 5.87 6 1.7 4.3 1 
11-4 18-24 B2 6.36 5.94 6 2.0 5.7 4 
11-5 24-30 B2 6.34 5.92 7 2.7 6.8 4 
11-6 30-36 B3 6.51 6.03 7 3.1 6.6 1 
11-7 36-42 01 6.60 6.14 9 4.2 8.9 4 
11-8 42-48 CI 6.73 6.35 13 5.5 12.3 1 
Marshall 12-1 0-6 Ap 6.50 6.20 29 9.0 24.5 1 
12-2 6-12 A3 6,50 6.13 20 5.5 13.8 -
12-3 12-18 Bl 6.46 6.05 15 3.9 10.4 1 
12-4 18-24 B2 6.06 5.63 16 3.9 11.7 4 
12-5 24-30 B2 5.67 5.15 22 6.9 12.8 -
12-6 30-36 B3 5.46 4.91 34 11.2 28.9 4 
12-7 36-42 B3 5.46 4.87 35 12.5 29.8 4 
12-8 42-48 B3 5.61 4.98 35 13.1 31.1 1 
Table A-3. (Continued) 
Profile Soil PH Exper­
and 1:2 iment 
Soil horizon Depth Genetic 1:1 (O.OIM Extractable P (ppm) in which 
series no. (in.) horizon (HgO) CaClg) Bray Olsen Resin used 
Kniff ir. 13-1 0-6 Ap 5.53 5.20 14 2.7 11.9 1 
13-2 6-12 A2 4.80 4.50 8 1.1 6.0 
13-3 12-18 Bl-B21t 4.68 4.29 5 0.6 3.0 1 
13-4 18-24 B22t 5.00 4.31 2 0.3 3.6 
13-5 24-30 B23t 4.98 4.47 3 1.1 4.9 1 
13-6 30-36 B31t 5.13 4.60 6 5.1 11.9 
13-7 36-42 B31t 5.29 4.87 17 6.4 15.7 
13-8 42-48 B31t 5.53 5.06 ;l9 7.3 16.8 1 
Rathbuii 14-1 0-6 A1 4.79 4.49 7 1.2 6.8 1 
14-2 6-12 A2 4.23 3.98 5 0.9 3.6 
14-3 12-18 B1 4.60 3.97 4 0.9 4.3 1 
14-4 18-24 B21t 4.39 3.90 2 1.4 6.2 
14-5 24-30 B22t 4.49 3.94 3 3.0 11.9 1 
14-6 30-36 B23t 4.58 4.06 9 4.5 16.6 1 
14-7 36-42 B31t 4.82 3.97 32 8.6 24.5 
14-8 42-48 B32 4.90 4.31 35 12.8 28.3 1 
Monona 15-1 0-6 Ap 5.89 5.38 21 6.6 17.7 1 
15-2 6-12 B1 6.55 6.11 9 3.9 11.1 -
15-3 12-18 B2 6.78 6.35 13 4.2 16.4 1,3 
15-4 18-24 B3 6.71 6.29 15 7.3 17.6 1,3 
15-5 24-30 01 7.10 6.78 15 8.4 17.6 3 
15-6 30-36 01 7.36 7.06 11 5.3 6.9 3 
15-7 36-42 C2ca 7.68 7.40 5 2.3 4.5 3 
15-8 42-48 C2ca 7.89 7.56 2 0.9 4.3 3 
1 
,3 
,3 
3 
3 
3 
3 
1 
1 
1 
3 
4 
1 
1 
4 
1 
4 
1 
(Continued) 
Profile Soil pH 
and 1:2 
horizon Depth Genetic 1:1 (O.OIM Extractable P (ppm) 
no. (in.) horizon (HgO) CaClg) Bray Olsen Resin 
16-1 0-6 Ap 5.72 5.35 9 2.2 8.3 
16-2 6-12 B1 6.05 5.76 6 1.9 6.2 
16-3 12-18 B2 6.03 5.57 7 1.9 6.2 
16-4 18-24 B3 6.12 5.64 9 3.3 7.6 
16-5 24-30 01 6.80 6.08 14 8.4 12.6 
16-6 30-36 CI 6.79 6.16 16 9.8 18.1 
16-7 36-42 CI 6.76 6.15 18 10.9 20.0 
16-8 42-48 CI 6.82 6.34 18 10.8 20.4 
17-1 0-6 Ap 6.40 5.96 9 2.8 8.9 
17-2 6-12 A3 6.70 6.28 5 2.0 5.7 
17-3 12-18 B1 6.99 6.62 7 3.4 7.4 
17-4 18-24 B2 6.90 6.38 12 3.6 8.7 
17-5 24-30 B3 6.31 5.70 13 4.4 10.2 
17-6 30-36 CI 6.34 5.74 15 5.5 11.5 
17-7 36-42 CI 6,32 5.73 14 6.2 12.1 
17-8 42-48 CI 6.32 5.80 14 6.6 12.8 
18-1 0-6 Ap 4.76 4.52 7 1.4 3.2 
18-2 6-12 A2 4.68 4.30 9 1.7 4.9 
18-3 12-18 B1-B2 4.87 4.25 6 2.8 11.1 
18-4 18-24 B21t 4.95 4.20 4 4.2 13.6 
18-5 24-30 B22t 4.91 4.20 7 5.9 22.6 
18-6 30-36 B22t 4.95 4.21 11 8.3 23.8 
18-7 36-42 B31t 5.07 4.24 19 10.6 24.9 
18-8 42-48 B32t 5.07 4.32 21 13.7 24.0 
Table A-3. (Continued) 
Profile 
and 
Soil horizon Depth Genetic 
series no. (in.) horizon 
Marshall 
Fayette 
Tama 
20-1 0-6 Ap 
20-2 6-12 B1 
20-3 12-18 B2 
20-4 18-24 B3 
20-5 24-30 01 
20-6 30-36 CI 
20-7 36-42 01 
20-8 42-48 01 
21-1 0-6 A1-A2 
21-2 6-12 A2 
21-3 12-18 B1 
21-4 18-24 B21 
21-5 24-30 B22 
21-6 30-36 B23 
21-7 36-42 B3 
21-8 42-48 B3 
22-1 0-6 Ap 
22-2 6-12 A3 
22-3 12-18 B1 
22-4 18-24 B21 
22-5 24-30 B22 
22-6 30-36 B23 
22-7 36-42 B3 
22-8 42-48 B3 
Soil PH Exper-
1:2 iment 
1:1 (O.OIM Extractable P (ppm) in which 
(HgO) CaClg) Bray Olsen Resin used 
6.03 5.65 10 3.3 18.5 2 
6.16 5.64 5 0.9 5.3 -
6.43 5.71 9 3.7 11.5 2 
6.46 5.90 12 4.8 9.4 3 
6.77 6.03 12 3.7 11.2 2,4 
6.87 6.14 13 4.8 12.8 -
6.80 6.15 14 5.3 14.5 3 
6.78 6.15 14 6.6 17.0 2 
7.20 6.71 19 5.1 21.7 2 
7.13 6.49 24 5.3 15.7 4 
6.80 6.51 29 6.9 14.6 2 
6.77 6.07 25 5.9 16.6 4 
6.32 5.60 34 6.7 19.2 3 
5.74 4.98 41 10.6 29.4 2 
5.58 4.83 47 12.8 30.4 3 
5.61 4.86 58 13.7 33.0 4 
6.85 6.61 18 5.1 16.2 2 
6.58 5.86 10 1.2 6.8 -
6.15 5.54 8 0.5 5.2 -
5.83 5.35 12 1.1 6.8 3 
5.71 4.86 23 3.4 12.8 3 
5.83 4.83 24 5.8 14.7 2 
6.14 4.82 24 7.2 15.1 2 
6.17 5.04 25 8.9 16.8 2 
Table A-3. (Continued) 
Profile 
and 
Soil horizon Depth Genetic 
series no. (in.) horizon 
Ida 23-1 0-6 Ap 
23-2 6-12 Bl 
23-3 12-18 B2 
23-4 18-24 CI 
23-5 24-30 C2ca 
23-6 30-36 C2ca 
23-7 36-42 C2ca 
23-8 42-48 C2ca 
Marshall 24-1 0-6 Ap 
24-2 6-12 A3 
24-3 12-18 Bl 
24-4 18-24 B2 
24-5 24-30 B3 
24-6 30-36 B3 
24-7 36-42 Cl 
24-8 42-48 Cl 
Monona-Ida 25-1 0-6 Ap 
25-2 6-12 A3-C1 
25-3 12-18 C2ca 
25-4 18-24 C2ca 
25-5 24-30 C2ca 
25-6 30-36 C2ca 
25-7 36-42 C2ca 
25-8 42-48 C2ca 
Soil PH Exper-
1:2 iment 
1:1 (O.OIM Extractable P (ppm) in which 
(HgO) CaClg) Bray Olsen Resin used 
7.35 6.85 17 7.2 21.7 2 
-
- - 2.2 3.6 -
- -
- 2.2 4.9 -
- - - 2.2 4.6 -
- - - 0.6 2.1 -
-
-
- 0.6 1.7 -
-
-
- 0.6 1.1 -
-
- - 0.6 1.1 -
7.44 6.86 11 5.1 18.1 2 
7.20 6.69 4 1.4 7.4 -
7.23 6.54 7 2.3 10.2 4 
7.04 6.28 10 3.1 12.6 4 
6.58 5.89 12 4.2 13.6 4 
6.67 5.89 13 5.9 14.9 2 
6.71 5.89 15 7.2 16.6 4 
6.54 5.79 15 8.4 19.6 2 
7.65 7.26 16 6.7 21.0 2 
7.90 7.47 5 1.7 5.1 -
8.01 7.50 3 1.8 4.6 -
8.04 7.59 2 1.1 3.2 -
8.03 7.59 2 0.8 1.7 -
8.16 7.68 2 0.8 1.3 -
8.15 7.73 2 0.5 1.5 -
8.15 7.77 2 0.5 1.5 -
Table A-3. (Continued) 
Profile Soil PH Exper­
and 1:2 iment 
Soil horizon Depth Genetic 1:1 (O.OIM Extractable P (ppm) in which 
series no. (in.) horizon (HgO) OaOlg) Bray Olsen Resin used 
Monona 26-1 0-6 Ap 5.63 5.13 10 3.1 8.3 2 
26-2 6-12 Bl 6.18 5.63 5 0.9 3.0 - • 
26-3 12-18 B2 6.68 6.20 5 0.9 2.6 4 
26-4 18-24 B3 6.69 6.19 7 1.2 4.0 4 
26-5 24-30 B3 7.05 6.54 9 3.1 5.8 4 
26-6 30-36 Cl 7.16 6.68 13 3.9 6.2 2 
26-7 36-42 01 7.14 6.78 13 5.7 13.8 4 
26-8 42-48 01 7.14 6.80 14 6.4 16.0 2 
Marshall 27-1 0-6 Ap 6.41 6.17 27 7.5 22.8 2 
27-2 6-12 Bl 6.14 5.83 15 2.7 10.6 -
27-3 12-18 B2 6.11 5.79 16 3.1 12.8 4 
27-4 18-24 B3 5.80 5.31 27 5.1 14.3 -
27-5 24-30 B3 5.91 5.30 33 7.0 18.7 4 
27-6 30-36 01 5.89 5.30 32 8.6 19.8 2 
27-7 36-42 01 5.95 5.48 28 9.4 18.7 4 
27-8 42-48 01 5.99 5.58 26 10.3 23.2 2 
Marshall 28-1 0-6 Ap 6.05 5.75 16 4.4 16.0 2 
28-2 6-12 A3 6.24 5.83 8 1.6 9.8 -
28-3 12-18 Bl 6.38 5.92 11 2.2 9.2 4 
28-4 18-24 B2 6.36 5.73 15 3.4 10.9 4 
28-5 24-30 B3 6.32 5.72 15 5.3 13.6 -
28-6 30-36 B3-01 6.24 5.68 14 7.0 17.9 2 
28-7 36-42 01 6.21 5.67 16 8.0 20.2 4 
28-8 42-48 01 6.25 5.64 16 9.5 22.8 2 
Table A"3. (Continued) 
Profile 
and 
Soil horizon Depth Genetic 
series no, (in.) horizon 
Marshall 
Marshall 
Marshall 
29-1 0-6 Ap 
29-2 6-12 A1 
29-3 12-18 A3 
29-4 18-24 Bl 
29-5 24-30 B2 
29-6 30-36 B2 
29-7 36-42 B3 
29-8 42-48 B3 
30-1 0-6 Ap 
30-2 6-12 A3 
30-3 12-18 Bl 
30-4 18-24 B2 
30-5 24-30 B3 
30-6 30-36 B3 
30-7 36-42 CI 
30-8 42-48 CI 
31-1 0-6 Ap 
31-2 6-12 A1 
31-3 12-18 A3 
31-4 18-24 Bl 
31-5 24-30 B2 
31-6 30-36 B2 
31-7 36-42 B3 
31-8 42-48 B3 
Soil pH Exper-
1:2 iment 
1:1 (O.OIM Extractable P (ppm) in which 
(HgO) CaClg) Bray Olsen Resin used 
5.03 4.75 15 2.5 11.7 2 
5.33 4.90 6 0.8 7.4 -
5.60 5.14 4 0.6 5.1 -
5.70 5.18 4 0.6 4.9 4 
5.74 5.22 6 0.9 5.7 2 
5.90 5.27 17 2.2 11.3 2 
5.99 5.33 27 4.8 16.0 4 
6.06 5.51 32 8.1 20.9 2 
6.57 6.35 48 13.3 48.9 2 
6.05 5.64 8 1.7 9.4 4 
6.02 5.64 10 2.2 10.0 4 
6.09 5.79 18 3.6 14.5 2 
6.28 5.84 23 5.9 18.1 3 
6.34 5.87 27 7.8 21.1 2 
6.38 5.89 25 8.4 23.2 3 
6.41 5.89 23 9.7 21.9 2 
5.65 5.45 32 11.7 29.4 2 
5.71 5.46 18 4.2 15.8 -
5.70 5.32 7 1.1 4.8 4 
5.72 5.20 7 1.7 6.6 2 
5.75 5.23 13 1.9 9.8 3 
5.84 5.31 22 5.5 14.5 2 
5.85 5.35 28 6.2 18.7 3 
5.87 5.40 31 8.0 22.5 2 
Table A-3. (Continued) 
Profile Soil PH Exper­
and 1:2 iment 
Soi]. horizon Depth Genetic . 1:1 (O.OIM Extractable P (PDM) in which 
series no. (in.) horizon (HgO) CaClg) Bray Olsen Resin used 
Marshal. 1 32-1 0-6 Ap 5.41 5.09 11 1.7 7.9 2 
32-2 6-12 A3 5.88 5.10 4 0.5 4.0 -
32-3 12-18 B1 6.25 5.40 8 1.4 4.7 4 
32-4 18-24 B2 6.35 5.71 11 2.5 6.6 -
32-5 24-30 B2 6.44 5.85 11 3.1 9.2 4 
32-6 30-36 33 6.40 5.95 12 5.1 10.4 2 
32-7 36-42 01 6.64 5.99 13 5.6 11.7 4 
32-8 42-48 CI 6.77 6.02 15 7.3 16.6 2 
Marshall 33-1 0-6 Ap 6.72 6.30 13 4.2 15.1 2 
Marshall 34-1 0-6 Ap 5.95 5.55 16 4.2 13.2 2 
Marshall 35-1 0-6 Ap 6.01 5.59 27 7.0 25.1 2 
Marshall 36-1 0-6 Ap 6.10 5.49 5 2.0 9.8 2 
Marshall 37-1 0-6 Ap 6.35 5.82 7 1.9 6.4 2 
Fayette 38-1 0-6 A1-A21 6.66 6.54 15 4.1 12.8 -
38-2 6-12 A22 6.53 6.00 21 5.6 11.5 4 
38-3 12-18 B1 6.34 5.61 21 5.9 13.4 4 
38-4 18-24 B21 5.53 5.23 19 6.4 10.9 4 
38-5 24-30 B22 5.42 4.75 25 7.2 16.6 4 
38-6 30-36 B3 5.42 4.75 35 13.7 23.6 4 
38-7 36-42 B3 5.46 4.85 43 16.1 28.7 4 
38-8 42-48 B3 5.61 5.00 42 17.3 27.6 -
Table A-3. (Continued) 
Profile Soil PH Exper­
Soil. 
and 
horizon Depth Genetic 1:1 
1:2 
(O.OIM Extractable P (ppm) 
iment 
in which 
series no. (in.) horizon (HgO) CaClgf Bray Olsen Resin used 
Mixed profiles 
Sharpstiurg 10-3,4 
10-5,6 
10-7,8 
12-24 
24-36 
36-48 
5.68 
5.90 
6.11 
5.29 
5.40 
5.62 
8 
19 
30 
2.1 
4.6 
8.3 
5.1 
8.7 
15.2 
1,3 
1,3 
3 
Monona 15-3,4 
15-5,6 
15-7,8 
12-24 
24-36 
36-48 
6.70 
7.20 
7.80 
6.31 
6.86 
7.46 
14 
11 
3 
6.4 
5.5 
1.2 
17.1 
6.9 
4.3 
1,3 
3 
3 
Monona 16-3,4 
16-5,6 
16-7,8 
12-24 
24-36 
36-48 
6.08 
6.80 
6.79 
5.41 
6.21 
6.26 
8 
13 
18 
2.8 
8.1 
10.9 
7.6 
14.2 
20.1 
1,3 
3 
3 
Marshall 11-4,5 18-30 6.34 5.94 7 2.4 6.5 4 
Marshall 12-6,7 30-42 5.41 4.90 34 12.0 29.2 4 
Marshall 24-3,4 
24-5,7 
12-24 
24-42 
7.10 
6.65 
6.34 
5.91 
8 
14 
2.8 
6.4 
12.2 
15.2 
4 
4 
Monona 26-3,4 
26-5,7 
12-24 
24-42 
6.68 
7.15 
6.20 
6.76 
6 
12 
1.0 
6.4 
3.2 
11.6 
.4 
4 
Marsha LI 27-5,7 24-42 5.86 5.40 31 8.2 19.0 4 
A^fter the two horizons were mixed, a soil sample was taken and tested. These test values then 
are listed in Table A-6. 
Table A-3. (Continued) 
Profile Soil PH .. Exper­
and 1:2 iment 
Soil horizon Depth Genetic 1:1 (O.OIM Extractable P (ppm) in which 
series no. (in.) horizon (HgO) CaClg) Bray Olsen Resin used 
Marshal1 28-3,4 12-24 6.34 5.79 14 2.9 10.2 4 
Marshall 30-2,3 6-18 6.02 5.50 9 2.0 9.9 4 
Marshall 32-5,7 24-42 6.49 5.92 11 4.3 10.4 3 
Table A-4. Dry matter yields (g/pot) of crops grown without (-P) and with (+P) P additions for the 
greenhouse experiments 
Profile and -P . +P 
Soil horizon Depth Replication Replication 
series no. (in.) 1 2 3 4 5 Av.* 1 2 3 4 5 Av. 
Experiment 1 - Corn 
Sharpsburg 10-1 0-6 1.65 1.59 1.88 - 1.61 1.68 2.19 2.47 1.89 2.46 2.33 2.27 
10-3,4 12-24 .76 .91 .96 .77 .94 .87 2.01 1.78 1.92 2.12 1.86 1.94 
10-5,6 24-36 .85 .91 .95 .98 .98 .93 1.68 2.67^  1.88 - 1.81 1.79^  
Marshall 11-1 0-6 1.52 1.65 1.75 1.66 1.57 1.63 1.99 2.07 1.73 1.97 1.98 1.95 
11-3 12-18 .89 .96 .83 .84 1.01 .91 1.85 2.02 2.06 1.71 1.63 1.85 
11-6 30-36 .87 .89 .87 .85 .81 .86 1.42 1.51 1.63 1.61 1.88 1.61 
11-8 42-48 .85 1.11 1.05 .88 1.37^  .97^  1.66 1.76 1.67 1.48 1.50 1.61 
Marshall 12-1 0-6 1.24^  1.75 2.04 2.00 1.72 1.88^  2.38 2.10 2.54 2.72 2.18 2.38 
12-3 12-18 1.01 .87 .84 .79 1.00 .90 1.66 1.82 1.79 1.87 1.76 1.78 
12-8 42-48 1.21 1.04 1.32 1.29 1.22 1.22 1.67 1.68 2.19 1.90 1.73 1.83 
i^iverage is based on all replicates except where a replicate varies from the average by more 
than 20%, then this replicate is not used in calculation of the new average. 
R^eplicate is not used in determining average. 
I^leplicates were variable for treatment. 
Table A-4. (Continued) 
Profile and • P^  ^
Soil horizon Depth Replication Replication 
serie s no. (in.) 1 2 3 4 5 Av.* 1 2 3 4 5 Av. 
Kniffin 13-1 0-6 1.53 1.51 1.88^ ' 1.54 1.41 1.50f 3.05 2.63 2.90 2.78 2.74 2.81 
13-3 12-18 1.18 - 1.17 1.02 .93 1.08 2.44 1.95^  2.74 2.47 2.45 2.52° 
13-5 24-30 .91 1.09 1.03 .81 1.00 .97 2.39 2.27 2.15 2.04 2.19 2.21 
13-8 42-48 1.31 - 1.43 1.32 1.33 1.35 2.11 2.11 2.34 2.57 2.55 2.34 
Rathbun 14-1 0-6 1.42 1.33 1.30 2.08^  1.41 1.36° 2.85 2.30 2.81 2.80 2.49 2.65 
14-3 12-18 1.22 1.05 1.04 1.07 .95 1.07 2.43 2.72 - - 2,58 2.58 
14-5 24-30 - 1.00 .93 1.15 - 1.03 2.43 2.98^  2.37 2.45 2.32 2.39° 
14-6 30-36 .98 1.07 1.10 .98 - 1.03 1.82 2.08 1.97 1.95 1.88 1.94 
14-8 42-48 1.48 1.40 1.79 1.58 1.68 1.59 2.21 1.77 - 2.31 2.22 2.13 
Monona 15-1 0-6 1.04 1.10 1.21 1.29 1.07 1.14 2.04 1.92 2.39 2.11 2.33 2.16 
15-3,4 12-24 .84 .92 1.03 1.01 .80 .92 1.48 2.11^  1.54 1.76 1.66 1.61° 
Monona 16-1 0-6 .80 .91 .98 .91 .85 .89 1.94 2.24 1.93 1.83 1.77 1.94 
16-3,4 12-24 1.00 - .81 .80 .82 .86 1.60 1.56 1.66 1.63 1.45 1.58 
Marshall 17-1 0-6 .83 .88 .98 .83 .92 .89 1.80 1.92 1.81 2.04 2.34^  1.89° 
17-3 12-18 .96 .80 .84 .84 .87 .86 1.52 1.62 2.07^  1.68 1.81 1.66° 
17-4 18-24 - .89 .87 .89 .85 .88 1.96 1.60 1.71 1.54 1.92 1.75 
Table A-4. (Continued) 
Profile and -P . 4-P 
Soil horizon Depth Replication Replication 
series no. (in.) 1 2 3 4 SAv.^  l 2 3 4 5 Av. 
Weller 18-1 0-6 1.01 1.07 1.02 1.16 1.12 1.08 2.49 2.84 2.75 - - 2.69 
18-3 12-18 1.19 1.19 1.15 1.11 1.17 1.16 2.43 2.29 2.39 2.47 2.27 2.37 
18-6 30-36 1.15 1.11 1.35 1.36 1.15 1.22 2.08 1.96 2.09 1.89 1.92 1.99 
18-8 42-48 1.49 1.48 1.50 1.81 1.60 1.58 2.06 1.92 1.92 2.05 2.05 2.00 
Experiment 2 - Corn 
Marsha LI 20-1 0-6 1.63 1.73 1.62 1.45 1.33 1.55 4.16 3.87 4.08 3.84 3.68 3.93 
20-3 12-18 1.18 1.20 1.44 1.40 1.40 1.32 3.82 4.04 3.78 3.94 4.39 3.99 
20-5 24-30 1.50 1.63 1.79 1.35 1.65 1.58 3.57 3.46 3.33 3.38 4.60^  3.44" 
20-8 42-48 2.28 2.10 2.21 1.89 2.05 2.11 4.51 4.89 4.06 3.95 4.20 4.32 
Fayette 21-1 0-6 2.77 2.75 2.79 2.47 2.63 2.68 5.54 5.05 5.87 5.95 5.75 5.63 
21-3 12-18 2.76 3.06 3.01 2.65 2.67 2.83 5.87 5.96 5.23 5.95 4.93 5.59 
21-6 30-36 1.91 2.01 1.98 1.80 1.5of 1.92® 4.45 4.89 4.10 4.63 4.75 4.56 
21-8 42-48 2.75 2.44 2.88 2.68 3.27 2.80 4.75 5.02 4.83 4.90 4.85 4.87 
Tama 22-1 0-6 1.82 2.22 1.94 2.29 1.88 2.03 4.48 3.75 4.01 5.13b 4.04 4.07' 
22-6 30-36 1.49 1.33 1.50 1.17b 1.54 I.47G 2.42 2.80 2.40 2.70 3.34b 2.58 
22-7 36-42 1.35 1.31 1.37 1.38 1.62 1.41 3.26 2.98 2.84 2.67 3.38 3.03 
22-8 42-48 1.30 1.51 1.31 1.81 2.09^  1.48® 2.56 2.93 2.77 2.25 2,84 2.67 
Table A-4. (Continued) 
Profile and -P +P 
Soil 
series 
horizon 
no. 
Depth 
(in.) 
Replication 
Av.* 
Replication 
Av. 1 • 2 3 4 5 1 2 3 4 5 
Ida 23-1 0-6 2.75 2.37 2.65 2.34 2.75 2.57 5.02 6.50^  4.22 4.43 5.24 4.73= 
Marshal.1 24-1 0-6 1.62 1.3of 1.85 2.00 1.84 1.83^  3.19 3.31 3.34 3.38 3.35 3.31 
24-6 30-36 1.78 1.88 1.87 1.55 1.79 1.77 3.35 3.97 3.29 3.27 4.20 3.62 
24-8 42-48 1.67 1.71 1.46 1.61 1.47 1.58 4.18^  2.79 2.95 2.85 4.12^  2.86® 
Marshall 25-1 0-6 3.49 3.79 3.49 3.80 3.30 3.57 4.78 5.40 4.76 5.14 5.19 5.05 
Monona 26-1 0-6 2.32 2.25 1.75 2.05 2.05 2.08 4.76 5.80 4.22 4.78 5.31 4.97 
26-6 30-36 1.89^  1.39 1.23 1.23 1.97^  1.28^  4.57 4.50 3.37 - - 4.15^  
26-8 42-48 2.70 2.23 3.10 2.60 3.00 2.73 4.97 4.35 5.97 5.13 5.49 5.18 
Marshall 27-1 0-6 2.67 2.55 2.73 2.61 2.54 2.62 4.92 4.99 5.00 4.17 4.09 4.63 
27-6 30-36 2.40 2.47 2.47 2.89 2.37 2.52 4.35 5.05 4.32 3.91 4.65 4.46 
27-8 42-48 3.19 2.77 3.24 3.45 2.65 3.06 4.58 4.61 4.38 4.54 4.28 4.48 
Marshall 28-1 0-6 2.35 1.97 2.08 1.85 2.11 2.07 4.59 4.36 4.47 4.80 4.55 4.55 
28-6 30-36 2.74 2.44 3.18^  2.24 2.36 2.44^  4.45 3.95 5.02 4.68 5.05 4.63 
28-8 42-48 3.25 2.90 2.04^  2.91 3.27 3.08® 4.30 4.97 3.88 3.99 5.31 4.49 
'^Creatment was not used in statistical comparison because of wide variations between replicates. 
Table A-4. (Continued) 
Profile and -P +P 
Soil horizon Depth Replication Replication 
series no. (in. ) 1 2 3 4 5 Av.* 1 2 3 4 5 Av. 
Marshall 29-1 0-6 2.02 1.68 1.91 1.75 1.94 1.86 5.09 4.44 4.59 4.14 4.97 4.65 
29-5 24-30 1.45 1.58 1.44 1.24 1.44 1.43 4.41 4.28 4.27 4.21 4.78 4.39 
29-6 30-36 1.33 1.34 1.42 1.50 1.78 1.47 4.72 4.44 4.04 4.74 4.54 4.50 
29-8 42-48 1.96 1.86 1.56 1.55 1.70 1.73 3.30 2.77 2.76 3.52 3.80 3.23 
Marshall 30-1 0-6 3.08 4.18^  3.65 3.67 2.81 3.30^  5.31 5.62 5.63 5.49 6.10 5.63 
30-4 18-24 1.52 1.53 1.68 1.62 1.41 1.55 4.07 3.92 3.92 3.46 3.45 3.76 
30-6 30-36 2.02 1.90 2.13 1.33^  1.54 1.90^  4.85^  3.45 3.73 3.62 4.57 3.84= 
30-8 42-48 1.80 1.64 1.85 1.60 1.66 1.71 3.15 3.03 2.77 3.07 2.86 2.98 
Marshal1 31-1 0-6 3.01 2.42 2.70 3.02 2.49 2.73 4.92 4.39 5.07 4.87 5.03 4.86 
31-4 18-24 1.08 1.27 1.19 1.14 1.20 1.18 4.25 3.51 2.99^  3.95 4.07 3.95= 
31-6 30-36 1.37 1.49 1.43 1.17 1.43 1.38 3.88 3.26 4.06 3.87 4.53 3.92 
31-8 42-48 1.32 1.14^  1,40 1.60 1.90^  1.43= 3.52 2.87 2.77 3.34 3.18 3.14^  
Marshall 32-1 0-6 1.51 1.51 1.58 1.48 1.48 1.51 4.48 4.44 4.51 4.57 4.29 4.46 
32-6 30-36 1.34 1.33 1.28 1.48 1.15 1.32 3.27 2.39^  2.93 3.22 3.11 3.13= 
32-8 42-48 1.26 1.36 1.15 1.11 1.45 1.27 2.68 2.68 2.84 2.10^  2.80 2.75= 
Isi 
w 
Table A-4. (Continued) 
Profile and -P +P 
Soil horizon Depth Replication Replication 
series no. (in.) 1 2 3 4 5 Av.* 1 2 3 4 5 Av. 
Marshall 33-1 0-6 2.02 2.17 2.21 2.13 1. 95 2.10 5.28 5.53 5.15 5.36 5. 96 5.46 
34-1 0-6 2.36 2.60 2.99 2.45 2. 83 2.65 5.62 5.76 6.25 6.75 6. 14 6.10 
35-1 0-6 2.78 2.80 3.05 2.36 2. 95 2.79 4.62 4.48 4.84 5.70 5. 08 4.94 
36-1 0-6 1.63 1.79 1.89 1.53 1. 84 1.74 4.17 4.20 4.40 4.07 4. 19 4.21 
37-1 0-6 1.78 1.88 1.98 2.00 1. 69 1.87 4.53 4.01 4.74 5.07 4. 36 4.54 
Experiment 3 - Corn 
Sharpsturg 10-3,4 12-24 1.57 1.42 1.68 1.54 1.55 4.77 4.88 4.83 - 4-83 
10-5,6 24-36 1.52 1.45 1.57 1.54 1.52 4.85 5.39 4.87 5.04 5.04 
10-7,8 36-48 1.55 1.64 1.72 1.72 1.66 3.47 4.25 3.47 3.98 3.79 
Knif firi 13-6 30-36 1.51 1.40 1.70 1.64 1.56 3.85 3.77 3.91 3.19 3.68 
13-8 42-48 1.87 1.78 2.00 1.96 1.90 3.94 3.76 3.90 3.54 3.78 
Monona 15-3,4 12-24 1.64 1.76 1.53 1.76 1.67 4.98 4.18 3.91 3.97 4.26 
15-5,6 24-36 .89 .98 1.17 1.04 1.02 3.oaf 2.25 - 2.06 2.16 
15-7,8 36-48 .66^  .87 .80 .87 .85^  2.28 1.92 2.19 1.96 2.09 
Monona 16-3,4 12-24 1.00 1.10 1.00 .96 1.02 3.60 3.52 3.23 3.29 3.41 
16-5,6 24-36 1.36 1.21 1.31 1.24 1.28 3.03 2.56^  3.95 3.76 3.58' 
16-7,8 36-48 1.97 1.76 - 1.80 1.84 3.23 3.46 4.03 3.45 3.54 
Marshall 17-6 30-36 1.13 1.26 1.16 1.12 1.17 3.14 3.59 3.21 3.07 3.25 
Table A-4. (Continued) 
Profile and -P +P 
Soil 
series 
horizon 
no. 
Depth 
(in.) 
Replication Replication 
1 2 3 4 5 Av.* 1 2 3 4 5 Av. 
Marshall 20-4 18-24 1.03 1.00 1.23 1.20 1.12 4.94 3.78 4.46 - 4.39 
20-7 36-42 1.68 1.53 2.04 - 1.75 3.58 3.77 4.04 - 3.80 
Fayette 21-5 24-30 2.18 2.07 1.81 2.24 2.08 3.59 3.75 3.92 - 3.75 
21-7 36-42 2.25 2.00 1.93 1.97 2.04 4.05 3.36 3.80 3.67 3.72 
Tama 22-4 18-24 1.09 1.13 1.28 1.25 1.19 3.30 4.04 3.29 - 3.54 
22-5 24-30 1.13 1.09 1.07 1.15 1.11 3.58 3.28 3.77 3.69 3.58 
Marshall 30-5 24-30 1.34 1.50 1.46 1.54 1.46 3.97 4.32 3.92 3.95 4.04 
30-7 36-42 - 1.85 1.79 1.59 1.74 4.24 4.28 4.20 4.64 4.34 
Marshall 31-5 24-30 1.25 1.22 1.20 - 1.22 4.34 3.62 4.24 - 4.07 
31-7 36-42 1.44 1.17 1.16 - 1.26 4.38 3.59 4.50 - 4.16 
Experiment 3 - Alfalfa 
Sharpslmrg 10-3,4 12-24 .09 .09 .09 .09 .09 1.09 .85 .90 1.10 .98 
10-5,6 24-36 - .10 .10 .11 .10 1.07 .88 1.02 .94 .98 
10-7,8 36-48 .55 .61 .65 .48 .57 1.28® .87 1.03 .90 1.02 
Kniffin 13-6 30-36 .08 .08 .08 .08 .08 .90 .73 .81 .75 .80 
13-8 42-48 .12 .10 .11 .11 .11 .78 .68 .78 .57b .75 
A^lthough this value deviated more than 20% from the average, many others in replication 1 devi­
ated slightly less than 20% from the average; this value, therefore, was included in the average. 
Table A-4. (Continued) 
Profile and -P +P 
Soil horizon Depth . Replication Replication 
series no. (in.) 1 2 3 4 5 Av. 1 2 3 4 5 Av. 
Monona 15-3,4 12-24 .25 .33 .25 .28 .28 1.03 .75 .90 .88 .89 
15-5,6 24-36 .21 .15 .19 - .18 .88 .66 .82 .63 .75 
15-7,8 36-48 .10 .08 .08 .10 .09 .90 .73 .72 .70 .76 
Monona 16-3,4 12-24 .18 .20 .25 .18 .20 .88 .73 .73 .74 .77 
16-5,6 24-36 .34 .40 .38 .34 .36 .94 .78 .80 - .84 
16-7,8 36-48 .52 .75 - .64 .64 .99® .70 .82 .68 .80 
Marshall 17-6 30-36 .20 .30 .24 .25 .25 1.09® .82 .83 .75 .87 
Marshall 20-4 18-24 .16 .15 .20 .17 .17 .90 .84 1.06 .96 .94 
20-7 36-42 .75 .64 .60 .69 .67 1.28® .90 .98 - 1.05 
Fayette; 21-5 24-30 - .12 .18» .13 .13= .88 .68 .71 .68 .74 
21-7 36-42 .20 .25 .30 .20 .24 .73 .65 .64 .69 .68 
Tama 22-4 18-24 .16 .14 .25» .17 .16= .95® .70 .70 .67 .76 
22-5 24-30 .09 .12 .10 .12 .11 .75 .67 .70 .64 .69 
Marshall 30-5 24-30 .14» .24 .22 .22 .23= .91 1.02 .89 .90 .93 
30-7 36-42 .62 .57 .57 .43» .59= 1.10 .95 .85 .85 .94 
Marshall 31-5 24-30 ,09 .11 ,11 .09 .10 .73 .88 .68 - .76 
31-7 36-42 .16 .26» .15 - .16= .72 .59 .60 - .64 
Table A.-A. (Continued) 
Profile and • -P 
Soil horizon Depth Replication Replication 
series no. (in.) 1 2 3 - 4 5 Av.^  1 2 3 4 5 Av. 
Experiment 4 - Corn 
Marshall 11-4,5 18-30 .92 .78 .94 1.02 .93 .92 2.73 2.09 2.28 2.58 2.73 2.48 
11-7 36-42 .88 .88 .98 .98 1.02 .95 2.10 1.89 2.01 1.87 1.71 1.92 
Marshall 12-4 18-24 .95 .96 .95 .86 .88 .92 1.79 2.12 2.13 2.02 2.20 2.05 
Marshall 12-6,7 30-42 .89 .92 .95 1.04 .93 .95 1.68 1.32^  1.98 1.88 1.75 1.82® 
Rathburi 14-7 36-42 .97 1.20 .98 .93 .98 1.01 2.40 2.01 2.06 2.11 2.34 2.18 
Marshall 17-7 36-42 .80 .75 .69 .76 .86 .77 2.02 1.70 1.64 1.85 1.64 1.77 
Weller 18-5 24-30 .93 .94 .95 .98 .98 .96 2.03 2,25 1.95 2.62 2.05 2.18 
18-7 36-42 1.24 1.22 1.19 1.25 1.22 1.22 2.56 2.57 2.17 2.15 2.13 2.32 
Marshall 20-5 24-30 .95 .78 .87 .83 .79 .84 1.13^  1.50 1.18 1.61 1.58 1.47® 
Fayette.' 21-2 6-12 1.53 1.89 2.03 2.12 1.81 1.88 3.57 3.62 3.63 3.56 3.90 3.66 
21-4 18-24 1.26 - 1.58^  1.10 1.15 1.17^  2.66 2.42 2.83 2.71 2.85 2.69 
Marshall 24-3,4 12-24 .87 1.01 .86 .90 .88 .90 2.62 2.29 2.03 2.31 2.30 2.31 
24-5,7 24-42 .90 .88 1.04 .91 - .93 1.70 1.85 1.96 - 2.03 1.88 
Monona 26-3,4 12-24 .85 .96 .83 .92 .79 .87 2.01 1.97 1.58 1.66 1.82 1.81 
26-5,7 24-42 .82 .72 .73 1.08^  - .76® 1.43 i.iof 1.47 1.64 1.87^  1.51® 
Marshall 27-3 12-18 .87 .89 .88 .93 .94 .90 2.17 2.57 1.96 2.00 2.02 2.14 
27-5,7 24-42 1.06 1.09 .95 .96 1.00 1.01 2.87^  2.52 2.13 1.99 - 2.21® 
Marshal.1 28-3,4 12-24 .98 1.08 .91 .89 .97 .97 2.55 2.29 2.36 2.42 2.36 2.40 
Table A-4. (Continued) 
Profile and -P 
Soil 
series 
horizon 
no. 
Depth 
(in.) 
Replication 
Av.* 
Replication 
Av. 1 2 . 3 4 5 1 2 3 4 5 
Marshal1 29-4 18-24 .78 .80 .93 .83 - .84 1.81 1.80 1.25^  1.93 1.90 1.86= 
29-7 36-42 .93 1.02 .99 1.04 .92 .98 2.65 2.29 2.32 2.35 2.45 2.41 
Marshal 1 30-2,3 6-18 .89 1.02 .97 .99 - .97 2.25 2.87 2.78 2.79 - 2.67 
Marshall 31-3 12-18 .95 . .93 .95 .90 .87 .92 1.02 2.46 1.82 2.52 1.63 2.01^  
Marshall 32-3 12-18 .91 .93 .88 .91 .90 .91 1.89 1.78 2.85 2.89 1.91 2.26^  
32-5,7 24-42 .77 .87 .84 .88 .95 .86 1.32 1.05 .93 1.62 1.68 1.32^  
Fayette; 38-3 12-18 1.46 1.53 1.61 1.87 1.65 1.62 3.64 3.25 3.49 3.21 3.41 3.40 
38-4 18-24 1.41 1.40 1.38 1.46 1.38 1.41 2.87 2.96 2.68 2.99 2.84 2.87 
38-5 24-30 1.25 1.35 1.25 1.38 1.28 1.30 2.78 2.90 3.00 2.80 3.00 2.90 
38-6 30-36 1.55 1.53 1.58 1.54 1.50 1.54 2.54 2.84 2.70 2.64 2.70 2.68 
38-7 36-42 2.04 1.84 2.22 1.78 1.60 1.90 2.98 3.17 2.87 2.83 2.65 2.90 
Experiment 4 - Alfalfa 
Marshall 11-4,5 18-30 .96^  .53 .79 .27b .40 .57= 2.96 2.85 3.15 3.03 3.70 3.14 
Marshall 12-6,7 30-42 1.20 1.44 1.30 1.22 1.42 1.32 4.20 3.51 3.40 3.87 3.67 3.73 
Marshall 24-3,4 12-24 1.76 2.14 2.05 2.06 1.93 1.99 3.90 3.76 3.83 4.06 - 3.89 
Monona 26-3,4 12-24 .55 .59 .44^  .73 .75b .62= 4.52 4.24 4.65 3.95 4.12 4.30 
Monona 26-5,7 24-42 2.58 2.49 2.70 2.61 2.76 2.63 4.59 4.05 4.47 4.91 4.13 4.43 
Marshall 27-6,7 24-42 2.25 2.17 2.13 2.32 2.41 2.26 3.68 3.98 3.83 3.99 3.87 3.87 
Marshall 28-3,4 12-24 1.00 1.18 1.09 .91 .85 1.01 3.65 3.55 3.32 3.07 3.46 3.41 
Table A-4. (Continued) 
Profile and -P . +P 
Soil horizon Depth Replication Replication 
series: no. (in.) 1 2 3 4 5 Av. 1 2 3 4 5 Av. 
Marshall 30-2,3 6-18 .75^  .25^  .33 .40 - .37° 4.08 3.51 3.33 4.04 - 3.74 
Marshall. 32-5,7 24-42 1.97 2.08 1.58 1.13^  1.46 1.67° 3.25 3.63 3.44 3.48 3.26 3.41 
Fayette 38-3 12-18 1.65 1.72 1.73 1.65 1.75 1.70 3.61 4.47 3.79 4.27 4.37 4.10 
Table A-5. Yield, P percentage,' and P uptake of plants grown without (-P) and with (+P) fertilizer 
for the different greenhouse experiments 
-P* +P* 
Profile Total Total 
and Composite uptake uptake 
Soil horizon Depth sample P Yield (mg P/ P Yield (mg P/ 
series no. (in.) no.b % (g/pot) pot) % (g/pot) pot) 
Experiment I Corn 
Sharpsburg 10-1 0-6 1 .1147 1.63 1.87 .3811 2.33 8.88 
2 .1100 1.74 1.91 .3581 2.17 7.77 
Av. .1124 1.68 1.89 .3696 2.27 8.39 
Sharpsburg 10-3,4 12-24 1 .0852 .84 .72 .4025 2.06 8.29 
2 .0838 .87 .73 .3948 1.89 7.49 
Av. .0845 .87 .74 .3986 1.94 7.73 
Sharpsburg 10-5,6 24-36 1 .0866 .88 .76 .3994 1.82 7.27 
2 .0909 .96 .87 .4300 1.71 7.35 
Av. .0888 .93 .83 .4147 1.79 7.42 
Marshall 11-1 0-6 1 .1932 1.59 3.07 .2984 2.03 6.06 
2 .1605 1.70 2.73 .4050 1.85 7.49 
Av. .1768 1.63 2.88 .3517 1.95 6.86 
%^he average P percentage is based on the values determined from composite samples 1 and 2; the 
average: weight yield from all replications; and the total P uptake by multiplying average P percent­
age and average yield. Since in most cases there were five replications used in the greenhouse 
experiments, the average weight listed in this table is not always the average of composite samples 1 
and 2. 
C^omposite sample 1 consists of greenhouse replications 1 and 2 while composite sample 2 con­
sists of replications 3 and 4. 
Table A-5. (Continued) 
Profile 
and Composite 
Soil horizon Depth sample P 
seriez no. (in.) no.^  % 
Marshal]. 11-3 12-18 1 .0866 
2 .0937 
Av. .0902 
Marshall 11-6 30-36 1 .0937 
2 .0880 
Av. .0908 
Marshall 11-8 42-48 1 .1041 
2 .1022 
Av. .1032 
Marshall 12-1 0-6 1 .2017 
2 .2017 
Av. .2017 
Marshall 12-3 12-18 1 .0923 
2 .0852 
Av. .0888 
Marshall 12-8 42-48 1 .0937 
2 .0980 
Av. .0958 
Kniffir 13-1 0-6 1 ,0994 
2 .0994 
Av. .0994 
-P^  4ff 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
.97 .87 .3780 1.93 7.30 
.84 .78 .3749 1.78 6.67 
.91 .82 .3764 1.85 6.96 
.88 .83 .2999 1.46 4.38 
.86 .76 .3168 1.62 5.13 
.86 .78 .3084 1.61 4.97 
.98 1.02 .3550 1.71 6.07 
.96 .98 .4132 1.50 6.20 
.97 1.00 .3841 1.61 6.18 
1.74 3.51 .4698 2.24 10.52 
2.02 4.07 .4515 2.63 11.87 
1.88 3.79 .4606 2.38 10.96 
.94 .87 .3887 1.74 6.76 
.82 .70 .3857 1.83 7.06 
.90 .80 .3872 1.78 6.89 
1.13 1.06 .3183 1.67 5.32 
1.29 1.26 .3321 2.04 6.78 
1.22 1.17 .3252 1.83 5.95 
1.52 1.51 .3153 2.84 8.96 
1.46 1.45 .3229 2.84 9.17 
1.50 1.49 .3191 2.81 8.97 
Table A-5, (Continued) 
Soil 
series 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
sample 
no> 
P 
% 
Kniffin 13-3 12-18 1 
2 
Av. 
.0894 
.0880 
.0887 
Kniffir 13-5 24-30 1 
2 
Av. 
.0937 
.0894 
.0916 
Knif fir. 13-8 42-48 1 
2 
Av. 
,0994 
.0994 
.0994 
Rathburi 14-1 0-6 1 
2 
Av. 
.0951 
.0966 
.0958 
Rathburi 14-3 12-18 1 
2 
Av. 
,0852 
,0866 
,0859 
Rathbun 14-5 24-30 1 
2 
Av. 
.0909 
.0937 
.0923 
Rathbun 14-6 30-36 1 
2 
Av. 
.0951 
.0923 
.0937 
-P^  +P* 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) 7o (g/pot) pot) 
1.18 1.06 .3704 2.19 8.11 
1.10 .96 .4316 2.60 11.22 
1.08 .96 .4010 2.52 10.11 
1.00 .94 .4499 2.33 10.48 
.92 .82 .4255 2.09 8.89 
.97 .89 .4377 2.21 9.67 
1.31 1.30 .4224 2.11 8.91 
1.37 1.36 .4377 2.46 10.77 
1.35 1.34 .4300 2.34 10.06 
1.37 1.30 .2816 2.57 7.24 
1.69 1.63 .3153 2.80 8.82 
1.36 1.30 .2984 2.65 7.91 
1.14 .92 .2984 2.58 7.70 
1.06 .92 .2877 2.58 7.42 
1.07 .92 .2930 2.58 7.56 
1.00 .91 .3612 2.55 9.21 
1.04 .97 .3642 2.41 8.78 
1.03 .95 .3627 2.39 8.67 
1.03 .98 .4285 1.95 8.36 
1.04 .96 .4025 1.96 7.89 
1.03 .97 .4155 1.94 8.06 
Table A-5. (Continued) 
Soil 
serieis 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
sample 
no.b 
P 
% 
Rathbun 
Monona 
Monona 
Monona 
Monona 
Marshal.1 
Marshall 
14-8 
15-1 
15-3,4 
16-1 
16-3,4 
17-1 
17-3 
42-48 
0-6 
12-24 
0-6 
12-24 
0-6 
12-18 
1 .1079 
2 .1107 
Av. .1093 
1 .1008 
2 .0980 
Av. .0994 
1 .0923 
2 .0894 
Av. .0908 
1 .0923 
2 .0923 
Av. .0923 
1 .0994 
2 .0937 
Av. .09,66 
1 .0866 
2 .0852 
Av. .0859 
1 .0894 
2 .0880 
Av. .0887 
-P^  iff 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
1.44 1.55 .4331 1.99 8.62 
1.68 1.86 .4331 2.24 9.70 
1.59 1.74 .4331 2.13 9.22 
1.07 1.08 .4392 1.98 8.69 
1.25 1.23 .3887 2.25 8.74 
1.14 1.13 .4140 2.16 8.94 
.88 .81 .2877 1.80 5.18 
1.01 .90 .2938 1.65 4.84 
.92 .84 .2908 1.61 4.68 
.86 .79 .4744 2.09 9.91 
.94 .87 .4790 1.88 9.01 
.89 .82 .4767 1.94 9.25 
.96 .95 .2984 1.58 4.72 
.80 .75 .3275 1.64 5.37 
.86 .83 .3130 1.58 4.95 
.86 .74 .4392 1.86 8.17 
.90 .77 .4423 1.92 8.49 
.89 .76 .4408 1.89 8.33 
.88 .79 .5204 1.57 8.17 
.84 .74 .4147 1.87 7.76 
.86 .76 .4676 1.66 7.76 
Table A-5. (Continued) 
Profile 
and Composite 
Soil horizon Depth sample P 
series no. (in.) no.b % 
Marshall 17-4 18-24 1 .0837 
2 .0852 
Av. .0844 
Weller 18-1 0-6 1 .0923 
2 .0866 
Av. .0894 
Weller 18-3 12-18 1 .0994 
2 .0951 
Av. .0972 
Weller 18-6 30-36 1 .0994 
2 .0980 
Av. .0987 
Weller 18-8 42-48 1 .1093 
2 .1065 
Av. .1079 
Experiment II Corn 
Marshall 20-1 0-6 1 .1050 
2 .1094 
Av. .1072 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
.88 .74 .4147 1.62 6.72 
.87 .74 .4561 1.78 8.12 
.88 .74 .4354 1.75 7.62 
1.04 .96 .2862 2.66 7.61 
1.09 .94 .2724 2.78 7.57 
1.08 .97 .2793 2.69 7.51 
1.04 1.04 .3091 2.36 7.29 
1.09 1.04 .3107 2.43 7.55 
1.16 1.13 .3099 2.37 7.34 
1.13 1.12 .3933 2.02 7.94 
1.36 1.33 .4423 1.99 8.80 
1.22 1.20 .4178 1.99 8.31 
1.48 1.62 .4135 1.99 8.23 
1.66 1.77 .4161 1.98 8.24 
1.58 1.70 .4148 2.00 8.30 
1.68 1.76 .1415 4.02 5.68 
1.54 1.68 .1597 3.96 6.32 
1.55 1.66 .1506 3.93 5.92 
Table A-5. (Continued) 
-P* +P* 
Profile Total Total 
and Composite uptake uptake 
Soil horizon Depth sample P Yield (mg P/ P Yield (mg P/ 
seriet! no. (in.) no.b % (g/pot) pot) % (g/pot) pot) 
Marshall 20-3 12-18 1 .0845 1.19 1.00 .1100 3.93 4.32 
2 .0905 1.42 1.28 .1155 3.86 4.45 
Av. .0875 1.32 1.16 .1128 3.99 4.50 
Marshall 20-5 24-30 1 .1078 1.57 1.69 .1349 3.51 4.73 
2 .0911 1.57 1.43 .1490 3.36 5.00 
Av. .0994 1.58 1.57 .1420 3.44 4.88 
MarshalL 20-8 42-48 1 .0977 2.19 2.11 .1578 4.70 7.41 
2 .0990 2.05 2.02 .1565 4.01 6.27 
Av. .0984 2.11 2.08 .1572 4.32 6.79 
Fayette 21-1 0-6 1 .1320 2.76 3.64 .1618 5.29 8.56 
2 .1175 2.63 3.09 .1647 5.91 9.73 
Av. .1248 2.68 3.34 .1633 5.63 9.19 
Fayette^  21-3 12-18 1 .1052 2.91 3.06 .1654 5.92 9.79 
2 .0984 2.83 2.78 .1640 5.59 9.17 
Av. .1018 2.83 2.88 .1647 5.59 9.21 
Fayette^  21-6 30-36 1 .0958 1.96 1.87 .1524 4.67 7.12 
2 .0943 1.85 1.74 .1483 4.37 6,48 
Av. .0950 1.92 1.82 .1504 4.56 6.86 
S^amples were not included in statistical presentation of data because of either non-uniform 
replications or low soil acidity that caused growth problems for plants. 
Table A-5. (Continued) 
Profile 
and Composite 
. Soil horizon Depth sample F 
serien no. (in.) no.^  "L 
Fayette'' 21-8 42-48 1 .1213 
2 .1226 
Av. .1220 
Tama 22-1 0-6 1 .1277 
2 .1270 
Av. .1274 
Tama*^  22-6 30-36 1 .0928 
2 .0972 
Av. .0950 
Tama^  22-7 36-42 1 .0950 
2 .1052 
AVk .1001 
Tama^  22-8 42-48 1 .0915 
2 .0926 
Av. .0920 
Ida 23-1 0-6 1 .1618 
2 .1633 
Av. .1626 
Marshall 24-1 0-6 1 .1171 
2 .1351 
Av. .1261 
Total Total 
uptake uptake 
Yield (mg ?/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
2.60 
2.78 
2.80 
3.15 
3.41 
3.42 
.1966 
.1945 
.1956 
4.89 
4.87 
4.87 
9.61 
9.47 
9.53 
2.02 
2.12 
2.03 
2.58 
2.69 
2.59 
.1321 
.1437 
.1379 
4.12 
4.57 
4.07 
5.44 
6.57 
5.61 
1.41 
1.34 
1.47 
1.31 
1.30 
1.40 
.1270 
.1277 
.1274 
2.66 
2.55 
2.58 
3.37 
3.26 
3.29 
1.33 
1.38 
1.41 
1.27 
1.41 
1.41 
.1349 
.1349 
.1349 
3.12 
2.75 
3.03 
4.21 
3.71 
4.09 
1.41 
1.56 
1.48 
1.29 
1.43 
1.36 
.1364 
.1306 
.1335 
2.75 
2.51 
2.67 
3.75 
3.28 
3.56 
2.56 
2.50 
2.57 
4.14 
4.08 
4.18 
.1666 
.1472 
.1569 
5.76 
4.32 
4.73 
9.59 
6.35 
7.42 
1.46 
1.92 
1.83 
1.72 
2.94 
2.31 
.1568 
.1633 
.1600 
3.25 
3.36 
3.31 
5.10 
5.49 
5.30 
Table A-5. (Continued) 
Soil 
serle.'s 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
sample 
no.b 
P 
% 
MarshalL 24-6 30-36 1 
2 
Av. 
.0920 
.0870 
.0895 
MarshalL 24-8 42-48 1 
2 
Av. 
.0929 
.0946 
.0938 
Ida 25-1 0-6 1 
2 
Av. 
.1618 
,1817 
,1718 
Monona 26-1 0-6 1 
2 
Av. 
.1080 
,1080 
.1080 
Monona 26-6 30-36 1 
2 
Av. 
.0907 
.0937 
.0922 
Monona 26-8 42-48 1 
2 
Av. 
.0951 
.0894 
.0922 
Marshall 27-1 0-6 1 
2 
Av. 
,1178 
,1235 
,1206 
-P® +P* 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
1.83 
1.71 
1.77 
1.68 
1.88 
1.58 
.1422 
.1378 
.1400 
3.66 
3.28 
3.62 
5.21 
4.52 
5.07 
1.69 
1.54 
1.58 
1.57 
1.46 
1.48 
.1509 
.1477 
.1493 
3.48 
2.90 
2.86 
5.25 
4.28 
4.27 
3.64 
3.65 
3.57 
5.88 
6.63 
6.13 
.1779 
.1555 
.1667 
5.09 
4.95 
5.05 
9.05 
7.69 
8.42 
2.29 
1.90 
2.08 
2.47 
2.05 
2.25 
.1490 
.1441 
. 1466 
5.28 
4.50 
4.97 
7.87 
6.49 
7.29 
1.64 
1.23 
1.28 
1.48 
1.15 
1.18 
.1428 
.1545 
.1486 
4.54 
3.27 
4.15 
6.48 
5.21 
6.17 
2.47 
2.85 
2.73 
2.34 
2.55 
2.52 
.2003 
.1806 
.1904 
4.66 
5.55 
5.18 
9.33 
10.02 
9.86 
2.61 
2.67 
2.62 
3.08 
3.30 
3.16 
.1620 
.1646 
.1633 
4.96 
4.59 
4.63 
8.04 
7.56 
7.56 
Table A-5. (Continued) 
Profile 
and Composite 
Soil horizon Depth sample P 
series no. (in.) no.^ % 
Marshall 27-6 30-36 1 .1022 
2 .1018 
Av. .1020 
Marshall 27-8 42-48 1 .1263 
2 .1164 
Av. .1214 
Marshall 28-1 0-6 1 .1115 
2 .1179 
Av. .1147 
Marshall 28-6 30-36 1 .1166 
2 .1073 
Av. .1120 
Marshall 28-8 42-48 1 .1123 
2 .0949 
Av. .1036 
Marshall 29-1 0-6 1 .1011 
2 .1083 
Av. .1047 
Marshall 29-5 24-30 1 .0912 
2 .0820 
Av. .0866 
-P^  +pf 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
2.44 
2.68 
2.52 
2.49 
2.73 
2.57 
.1829 
.1932 
.1880 
4.70 
4.12 
4.46 
8.59 
7.96 
8.38 
2.98 
3.35 
3.06 
3.36 
3.90 
3.71 
.1850 
.2197 
.2024 
4.60 
4.46 
4.48 
8.51 
9.80 
9.07 
2.16 
1.97 
2.07 
2.40 
2.32 
2.37 
.1462 
.1703 
.1582 
4.48 
4.64 
4.55 
6.54 
7.90 
7.20 
2.59 
2.71 
2.44 
3.02 
2.90 
2,73 
.1657 
.1804 
.1730 
4.20 
4.87 
4.63 
6.95 
8.78 
8.01 
3.08 
2.48 
3.08 
3.45 
2.35 
3.19 
.1917 
.2003 
.1960 
4.64 
3.94 
4.49 
8.87 
7.89 
8.80 
1.85 
1.83 
1.86 
1.87 
1.98 
1.95 
.1372 
.1304 
.1338 
4.77 
4.34 
4.65 
6.54 
5.65 
6.22 
1.52 
1.34 
1.43 
1.38 
1.09 
1.24 
.1344 
.1391 
.1368 
4.35 
4.24 
4.39 
5.84 
5.89 
6.01 
Table A-5. (Continued) 
Soil 
series 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
sample 
no.b 
P 
% 
MarshalL 29-6 30-36 1 
2 
Av. 
.0848 
.0807 
.0828 
MarshalL 29-8 42-48 1 
2 
Av. 
.1004 
.0961 
.0982 
MarshalL 30-1 0-6 1 
2 
Av. 
.1214 
.1285 
.1250 
MarshalL 30-4 18-24 1 
2 
Av. 
.0820 
.0827 
.0824 
Marshall 30-6 30-36 1 
2 
Av. 
.0963 
.0919 
.0941 
MarshalI 30-8 42-48 1 
2 
Av. 
.1011 
.0954 
.0983 
Marshall 31-1 0-6 1 
2 
Av. 
.1143 
.0869 
.1006 
-P* 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
1.34 
1.46 
1.47 
1.13 
1.17 
1.22 
.1399 
.1443 
.1421 
4.58 
4.39 
4.50 
6.40 
6.33 
6.39 
li91 
1.56 
1.73 
1.91 
1.49 
1.70 
.1483 
.1505 
.1494 
3.04 
3.14 
3.23 
4.50 
4.72 
4.83 
3.64 
3.66 
3.30 
4.41 
4.70 
4.12 
.1731 
.1668 
.1700 
5.47 
5.56 
5.63 
9.46 
9.27 
9.57 
1.53 
1.65 
1.55 
1.25 
1.36 
1.28 
.1294 
.1317 
.1306 
4.00 
3.69 
3.76 
4.51 
4.86 
4.91 
1.96 
1.73 
1.90 
1.88 
1.59 
1.79 
.1377 
.1382 
.1380 
4.15 
3.68 
3.84 
5.71 
5.08 
5.30 
1.71 
1.73 
1.71 
1.72 
1.65 
1.68 
.1430 
.1495 
.1462 
3.09 
2.92 
2.98 
4.41 
4.36 
4.36 
2.72 
2.86 
2.73 
3.10 
2.48 
2.75 
. .1659 
.1640 
.1650 
4.66 
4.97 
4.86 
7.73 
8.15 
8.02 
Table A-5. (Continued) 
Soil 
seriei) 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
sample 
b no.' 
P 
% 
Marshal1 
Marshall 
Marshall 
Marshall 
MarshalL 
MarshalL 
Marshall 
31-4 
31-6 
31-8 
32-1 
32-6 
32-8 
33-1 
18-24 
30-36 
42-48 
0-6 
30-36 
42-48 
0-6 
1 .0869 
2 .0813 
Av. .0841 
1 ]0884 
2 .0932 
Av. .0908 
1 .1079 
2 .0937 
Av. .1008 
1 .1050 
2 .1050 
Av. .1050 
1 .0951 
2 .1008 
Av. .0980 
1 .1050 
2 .1093 
Av. .1072 
1 .1249 
2 .1249 
Av. .1249 
-P^  +Pj 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
1.18 
1.17 
1.18 
1.02 
.95 
.99 
.1096 
.1165 
.1130 
3.88 
3.47 
3.95 
4.25 
4.04 
4.46 
1.43 
1.30 
1.38 
1.26 
1.21 
1.25 
.1175 
.1329 
.1252 
3.57 
3.97 
3.92 
4.19 
5.27 
4.91 
1.23 
1.35 
1.43 ; 
1.32 
1.26 
1.44 
.1390 
.1346 
.1368 
3.20 
3.06 
3.14 
4.48 
4.28 
4.30 
1.51 
1.53 
1.51 
1.58 
1.60 
1.59 
.1364 
.1268 
.1316 
4.46 
4.54 
4.46 
6.08 
5.75 
5.87 
1.34 
1.38 
1.32 
1.31 
1.39 
1.29 
.1197 
.1293 
.1245 
2.83 
3.08 
3.13 
3.38 
3.98 
3.90 
1.31 
1.13 
1.27 
1.37 
1.23 
1.36 
.1257 
.1292 
.1274 
2.68 
2.47 
2.75 
3.36 
3.19 
3.50 
2.10 
2.17 
2.10 
2.62 
2.71 
2.62 
.1968 
.1925 
.1946 
5.41 
5.26 
5.46 
10.64 
10.12 
10.63 
Table A-5. (Continued) 
Soil 
serieii 
Profile 
and 
horizon 
no. 
Composite 
Depth sample P 
(in.) no.b % 
Marshall 
Marshal1 
Marshall 
Marshall 
34-1 
35-1 
36-1 
37-1 
Experinent III 
Sharpsburg 10-3,4 
Sharpsburg 10-5,6 
0-6 
0-6 
0-6 
0-6 
12-24 
24-36 
1 
2 
Av. 
1 
2 
Av. 
1 
2 
Av. 
1 
2 
Av. 
1 
2 
Av. 
1 
2 
Av. 
.1562 
.1775 
.1668 
.1391 
.1406 
.1398 
.1164 
.1065 
.1114 
.1278 
.1278 
.1278 
Corn 
.0871 
.0871 
.0871 
.0944 
.0929 
.0936 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
2.48 
2.72 
2.65 
3.87 
4.82 
4.42 
.1672 
.1443 
.1558 
5.69 
6.50 
6.10 
9.51 
9.38 
9.50 
2.79 
2.71 
2.79 
3.88 
3.81 
3.90 
.1591 
.1613 
.1602 
4.55 
5.27 
4.94 
7.23 
8.50 
7.91 
1.71 
1.71 
1.74 
1.99 
1.82 
1.94 
.1527 
.1516 
.1522 
4.19 
4.24 
4.21 
6.39 
6.42 
6.41 
1.83 
1.99 
1.87 
2.33 
2.54 
2.39 
.1560 
.1508 
.1534 
4.27 
4.91 
4.54 
6.66 
7.40 
6.96 
1.50 
1.61 
1.55 
1.30 
1.40 
1.35 
.2634 
.2676 
.2655 
4.83 
4.83 
4.83 
12.72 
12.92 
12.82 
1.49 
1.56 
1.52 
1.40 
1.44 
1.42 
.2470 
.2470 
.2470 
5.12 
4.96 
5.04 
12.64 
12.25 
12.45 
Table A-5. (Continued) 
Soil 
series 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
sample 
no.b 
F 
% 
Sharpsburg 
Kniffin 
Kniffin 
Monona 
Monona 
Mononia 
Monona 
10-7,8 
13-6 
13-8 
15-3,4 
15-5,6 
15-7,8 
16-3,4 
36-48 
30-36 
42-48 
12-24 
24-36 
36-48 
12-24 
1 .0988 
2 .0944 
Av. .0966 
1 .1017 
2 .0944 
Av. .0981 
1 .0988 
2 .1002 
Av. .0995 
1 .0973 
2 .0988 
Av. .0980 
1 .0929 
2 .0900 
Av. .0914 
1 .0857 
2 .0842 
Av. .0850 
1 .0900 
2 .0900 
Av. .0900 
-P^  +pf 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
1.60 1.58 .3098 3.86 11.96 
1.72 1.62 .3098 3.73 11;56 
1.66 1.60 .3098 3.79 11.74 
1.46 1.48 .2574 3.81 9.80 
1.67 1.57 .2380 3.55 8.44 
1.56 1.53 .2477 3.68 9.12 
1.83 1.80 .3368 3.85 12.96 
1.98 1.98 .2889 3.72 10.74 
1.90 1.89 .3128 3.78 11.82 
1.70 1.65 .2889 4.58 13.23 
1.65 1.63 .2889 3.94 11.38 
1.67 1.64 .2889 4.26 12.31 
.94 .87 .2305 2.67 6.15 
1.11 .99 .2380 2.06 4.90 
1.02 .93 .2343 2.16 5.06 
.77 .66 .1287 2.10 2.70 
.84 .76 .1287 2.08 2.67 
.85 .72 .1287 2.09 2.69 
1.05 .94 .2470 3.56 8.79 
.98 .88 .2380 3.26 7.75 
1.02 .92 .2425 3.41 8.27 
Table A-5. (Continued) 
Soil 
series 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
sample 
no.b 
P 
% 
Monona 
Monona 
Marshall 
Marshall 
Marshal1 
Fayette 
Fayette 
16-5,6 
16-7,8 
17-6 
20-4 
20-7 
21-5 
21-7 
24-36 
36-48 
30-36 
18-24 
36-42 
24-30 
26-42 
1 .1133 
2 .0988 
Av. .1060 
1 .1205 
2 .1147 
Av. .1176 
1 .0871 
2 .0828 
Av. .0850 
1 .0929 
2 .0973 
Av. .0951 
1 .1031 
2 .0973 
Av. .1002 
1 .1031 
2 .1031 
Av. .1031 
1 .1249 
2 .1235 
Av. .1242 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
1.29 
1.28 
1.28 
1.46 
1.26 
1.36 
.3398 
.2784 
.3091 
2.80 
3.86 
3.58 
9.51 
10.74 
11.06 
1.87 
1.80 
1.84 
2.25 
2.06 
2.16 
.3907 
.2964 
.3436 
3.55 
3.74 
3.54 
13.86 
11.08 
12.16 
1.20 
1.14 
1.17 
1.04 
.94 
.99 
.2275 
.2245 
.2260 
3.37 
3.14 
3.25 
7.66 
7.04 
7.34 
1.02 
1.20 
1.12 
.94 
1.16 
1.07 
.2544 
.1991 
.2268 
4.36 
4.46 
4.39 
11.09 
8.88 
9.96 
1.61 
2.04 
1.75 
1.65 
1.98 
1.75 
.2934 
.2600 
.2767 
3.68 
4.04 
3.80 
10.79 
10.50 
10.51 
2.13 
2.03 
2.08 
2.19 
2.09 
2.14 
.2709 
.2964 
.2836 
3.67 
3.92 
3.75 
10.75 
11.61 
10.64 
2.13 
1.95 
2.04 
2.66 
2.40 
2.53 
.3264 
.2859 
.3062 
3.71 
3.74 
3.72 
12.10 
10.69 
11.39 
Table A-5. (Continued) 
Soil 
serieii 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
sample 
no,b 
P 
% 
Tama 
Tama 
Marshall 
MarshalL 
Marshal1 
Marshall 
22-4 
22-5 
30-5 
30-7 
31-5 
31-7 
18-24 
24-30 
24-30 
36-42 
24-30 
36-42 
1 .0958 
2 ,0929 
Av. .0944 
1 .0958 
2 .0944 
Av. .0951 
1 .0944 
2 .0886 
Av. .0915 
1 .0944 
2 .0929 
Av. .0936 
1 .0886 
2 .0988 
Av. .0937 
1 .0944 
2 .0929 
Av. .0936 
Total 
uptake 
P Yield (mg P/ 
% (g/pot) pot) 
Yield 
(g/pot) 
1.11 
1,24 
1.19 
1.11 
1.11 
1.11 
1.42 
1.50 
1.46 
1.85 
1.69 
1.74 
1.24 
1.20 
1.22 
1.31 
1.16 
1.26 
Total 
uptake 
(mg P/ 
pot) 
1.06 
1.15 
1.12 
1.06 
1.04 
1.06 
1.34 
1.32 
1.34 
1.74 
1.57 
1.63 
1.09 
1.18 
1.14 
1.23 
1.07 
1.18 
.2215 
.1901 
.2058 
.2559 
.2200 
.2380 
.2529 
.2275 
.2402 
.2694 
.2844 
.2769 
.2544 
.2275 
.2410 
.2499 
.2440 
.2470 
3.67 
3,29 
3.54 
3.43 
3.73 
3.58 
4.15 
3.94 
4.04 
4.26 
4.42 
4.34 
3.98 
4.24 
4.07 
3.98 
4.50 
4.16 
8.12 
6.25 
7.29 
8.77 
8.20 
8.52 
10.49 
8.96 
9.70 
11.47 
12.57 
12.02 
10.12 
9.64 
9.81 
9.94 
10.98 
10.28 
Table A-5. (Continued) 
Soil 
seriesi 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
sample 
no. 
P 
% 
Experiment III 
Sharpsburg 10-3,4 12-24 
Sharpsburg^  10-5,6 " 24-36 
Sharpsburg 10-7,8 
Kniffin 
Kniffin 
Monona 
13-6 
13-8 
15-3,4 
36-48 
30-36 
42-48 
12-24 
Alfalfa 
1 .1055 
2 -
Av. .1055 
1 .1111 
2 -
Av. .1111 
1 .1667 
2 -
Av. .1667 
1 .1110 
2 -
Av. .1110 
1 .1388 
2 -
Av. . 1388 
1 .1694 
2 -
Av. .1694 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
.09 .09 .3567 .97 3.45 
- - .3219 1.00 3.21 
.09 .09 .3393 .98 3.33 
.10 .11 .3099 .98 3.03 
- - .3596 .98 3.52 
.10 .11 .3348 .98 3.28 
.57 .95 .3303 1.08 3.56 
-
- .3976 .97 3.85 
.57 .95 .3640 1.02 3.71 
00 o
 .09 .3537 .82 2.89 
- - .3306 .78 2.57 
.08 .09 .3422 .80 2.74 
.11 .15 .3947 .73 2.88 
- - .3859 .67 2.55 
.11 .15 .3903 .75 2.93 
.28 .47 . 3976 .89 3.53 
- -
.4093 .89 3.64 
.28 .47 .4035 .89 3.59 
Table A-5. (Continued) 
Soil 
series 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
sample P 
b % no. 
Monona 
Monona 
Monona 
Monona 
Monona 
Marshall 
Marsha].! 
15-5,6 
15-7,8 
16-3,4 
16-5,6 
16-7,8 
17-6 
20-4 
24-36 
36-48 
12-24 
24-36 
36-48 
30-36 
18-24 
1 .1333 
2 -
Av. .1333 
1 .1000 
2 -
Av. .1000 
1 .1249 
2 -
Av. .1249 
1 .1430 
2 -
Av. .1430 
1 .1681 
2 -
Av. .1681 
1 .1388 
2 • -
Av. .1388 
1 .1388 
2 -
Av. .1388 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
18 .24 .2485 .77 1.91 
-
- .2850 .73 2.08 
18 .24 .2668 .75 2.00 
09 .09 .2236 .82 1.83 
- - .2776 .71 1.97 
09 .09 .2506 .76 1.90 
20 .25 .3069 .81 2.48 
- - .3245 .74 2.40 
20 .25 .3157 .77 2.43 
36 .51 .3947 .84 3.32 
36 .51 .3947 .84 3.32 
64 1.08 .4093 .85 3.47 
- -
.4387 .75 3.29 
64 1.08 .4240 .80 3.39 
25 .35 .3274 .95 3.11 
- - .3567 .77 2.14 
25 .35 .3420 .87 2.98 
17 .24 .3099 .87 2.69 
- -
.2923 1.01 2.95 
17 .24 .3011 .94 2.83 
Table A-5. (Continued) 
Soil 
serie s 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
sample 
no.b 
P 
% 
Marshal 1 20-7 36-42 1 
2 
Av. 
.2110 
.2110 
Fayette 21-5 24-30 1 
2 
Av. 
.1166 
.1166 
Fayette^  21-7 36-40 1 
2 
Av. 
.1499 
.1499 
Tama 22-4 18-24 1 
2 
Av. 
.1277 
.1277 
Tama 22-5 24-30 1 
2 
Av. 
.1388 
.1388 
Marshall 30-5 24-30 1 
2 
Av. 
.1555 
.1555 
Marshall 30-7 36-42 1 .1569 
2 
Av. .1569 
-P^  +P^  
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
.67 1.41 .3947 1.05 4.14 
.67 1.41 .3947 1.05 4.14 
.13 .15 .3508 .78 2.73 
- -
.3508 .70 2.45 
.13 .15 .3508 .74 2.60 
.24 .36 .3947 .70 2.76 
- - .3634 .69 2.44 
.24 .36 .3800 .68 2.58 
.16 .20 .3362 .83 2.79 
-
- .3447 .69 2.37 
.16 .20 .3404 .76 2.59 
.11 .15 .2660 .71 1.88 
- -
.2660 .67 1.78 
.11 .15 .2660 .69 1.84 
.23 .36 .2631 .97 2.55 
- - .2631 .90 2.37 
.23 .36 .2631 .93 2.45 
.59 .93 .3713 1.03 3.82 
-
-
.3567 .85 3.03 
.59 .93 .3640 .94 3.42 
Table A-5. (Continued) 
Profile 
and Composite 
Soil horizon Depth sample P 
series no. (in.) n o . b  %  
Marshall 31-5 24-30 1 .1083 
2 
Av. .1083 
Marshall 31-7 36-42 1 .1499 
2 
Av. .1499 
Experiment IV Corn 
Marshall 11-4,5 18-30 1 .1109 
2 .0982 
Av. .1046 
Marshall 11-7 36-42 1 .0982 
2 .1095 
Av. .1038 
Marshall 12-4 18-24 1 .1053 
2 .1081 
Av. .1067 
Marshall 12-6,7 30-42 1 .1081 
2 .1067 
Av. .1074 
-P 
Total 
uptake 
Yield (mg P/ 
(g/pot) pot) 
P 
% 
+P 
Yield 
(g/pot) 
Total 
uptake 
(mg P/ 
pot) 
.10 
.10 
.16 
.16 
.11 
.11 
.24 
.24 
2923 
,2923 
3713 
3713 
.76 
.76 
.64 
.64 
2.22 
2 .22  
2.38 
2.38 
.85 .95 .2842 2.41 6.84 
.98 .96 .2886 2.43 7.01 
.92 .96 .2864 2.48 7.10 
.88 .86 .3362 2.00 6.72 
.98 1.07 . 3362 1.94 6.52 
.95 .99 .3362 1.92 6.46 
.93 1.01 .2752 1.96 5.39 
.91 .98 .2723 2.08 5.65 
.92 .98 .2738 2.05 5.61 
.91 .98 .3005 1.50 4.50 
1.00 1.06 .3050 1.93 5.88 
.95 1.02 .3028 1.82 5.51 
Table A-5. (Continued) 
Profile 
and Composite 
Soil horizon Depth sample P 
series no. (in.) no.^  % 
Rathbun 14-7 36-42 1 .1065 
2 .1291 
Av. .1178 
Marshall 17-7 36-42 1 .1109 
2 .1081 
Av. .1095 
Weller 18-5 24-30 1 .1109 
2 .1095 
Av. .1102 
Weller 18-7 36-42 1 .1165 
2 .1193 
Av. .1179 
Marshall 20-5 24-30 1 .1053 
2 .1053 
Av. .1053 
Fayette 21-2 6-12 1 .1179 
2 .1095 
Av. .1137 
Fayette 21-4 18-24 1 .1081 
2 .1081 
Av. .1081 
-P^  +P* 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
1.09 1.16 .3169 2.20 7.00 
.96 1.23 . 3422 2.09 7.15 
1.01 1.19 .3296 2.18 7.19 
.78 .86 .3898 1.86 7.25 
.73 .78 .3855 1.75 6.75 
.77 .84 .3876 1.77 6.86 
.94 1.04 .2797 2.14 5.98 
.97 1.06 .2648 2.29 6.06 
.96 1.06 .2722 2.18 5.93 
1.23 1.43 .3199 2.57 8.22 
1.22 1.45 .3348 2.16 7.23 
1.22 1.44 .3274 2.32 7.60 
.87 .91 .3303 1.32 4.36 
.85 .89 .3333 1.43 4.76 
.84 .88 .3318 1.47 4.88 
1.71 2.01 .5580 3.60 20.0 
2.08 2.27 .5460 3.59 19.60 
1.88 2.14 .5520 3.66 20.20 
1.26 1.36 .4166 2.54 10.58 
1.34 1.44 .4330 2.77 11.99 
1.17 1.26 .4248 2.69 11.43 
Table A-5. (Continued) 
Soil 
seriez 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
s ample 
no.b 
P 
% 
Marshall 24-3,4 12-24 1 
2 
Av. 
.0996 
.1038 
.1017 
MarshalL 24-5,7 24-42 1 
2 
Av. 
.1081 
.1095 
.1088 
Monona 26-3,4 12-24 1 
2 
Av. 
.1024 
.1123 
.1073 
Monona 26-5,7 24-42 1 
2 
Av. 
.1179 
.1151 
.1165 
Marshal1 27-3 12-18 1 
2 
Av. 
.1081 
.1038 
.1060 
MarshalI 27-5,7 24-42 1 
2 
Av. 
.1081 
.1082 
.1082 
Marshal.L 28-3*4 12-24 1 
2 
Av. 
.1095 
.1067 
.1081 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (mg P/ 
(g/pot) pot) % (g/pot) pot) 
.94 .93 .2723 2.46 6.69 
.88 .91 .2529 2.17 5.48 
.90 .92 .2626 2.31 6.07 
.89 .96 .2782 1.78 4.95 
.88 .96 .2945 1.91 5.92 
.93 1.01 .2864 1.88 5.38 
.88 .90 .2737 1.99 5.44 
.86 .96 .2589 1.62 4.19 
.87 .93 .2663 1.81 4.82 
.77 .91 .2609 1.27 3.31 
.90 1.04 .2886 1.56 4.50 
.76 .89 .2748 1.51 4.15 
.88 .95 .2857 2.37 6.77 
.91 .94 .2827 1.98 5.60 
.90 .95 .2842 2.14 6.08 
1.08 1.16 .2767 2.70 7.47 
.96 .99 .2916 2.06 6.00 
1.01 1.09 .2842 2.21 6.28 
1.03 1.12 .2648 2.42 6.41 
.90 .96 .2663 2.39 6.36 
.97 1.05 .2656 2.40 6.37 
Table A-5. (Continued) 
Soil 
series 
Profile 
and 
horizon 
no. 
Composite 
Depth sample P 
(in.) no.b % 
Marshall 29-4 18-24 1 
2 
Av. 
.1024 
.1010 
.1017 
Marshall 29-7 36-42 1 
2 
Av. 
.1081 
.1095 
.1088 
Marshall 30-2,3 6-18 1 
2 
Av. 
.0996 
.0968 
.0982 
MarshalL 31-3 12-18 1 
2 
Av. 
.1067 
.1067 
.1067 
Marshal1 32-3 12-18 1 
2 
Av. 
.1081 
.1053 
.1067 
Marshall 32-5,7 24-42 1 
2 
Av. 
.1151 
.1165 
.1158 
Fayette 38-3 12-18 1 
2 
Av. 
.1137 
.1109 
.1123 
-P^  +pf 
Total Total 
uptake uptake 
Yield (mg P/ P Yield (rag P/ 
(g/pot) pot) % (g/pot) pot) 
.79 .81 .2841 1.81 5.14 
.88 .89 .2960 1.59 4.71 
.84 .85 .2900 1.86 5.39 
.98 1.06 .2722 2.47 6.72 
1.02 1.12 .3005 2.34 7.03 
.98 1.07 .2864 2.41 6.90 
.96 .98 .2633 2.56 6.74 
.98 .94 .2574 2.78 7.15 
.97 .95 .2604 2.67 6.95 
.94 1.00 .3169 2.04 6.46 
.90 .99 .2975 2.17 6.46 
.92 .98 .3072 2.01 6.17 
.92 .99 .2618 1.84 . 4.71 
.90 .94 .3009 2.87 8.64 
;91 .97 .2814 2.26 6.36 
.82 .94 .3407 1.19 4.05 
.86 1.00 .3258 1.27 4.15 
.86 1.00 .3332 1.32 4.40 
1.50 1.70 .4091 3.44 14.09 
1.74 1.92 .4210 3.35 14.10 
1.62 1.82 .4150 3.40 14.11 
Table A-5. (Continued) 
Soil 
series 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Composite 
sample 
no.b 
-P* +P* 
P 
% 
Yield 
(g/pot) 
Total 
uptake 
(mg P/ 
pot) 
P 
% 
Yield 
(g/pot) 
Total 
uptake 
(tng P/ 
pot) 
Fayette 38-4 18-24 1 .1109 1.41 1.56 .3838 2.92 11.20 
2 .1038 1.42 1.47 .3838 2.84 10.89 
Av. .1074 1.41 1.51 .3838 2.87 11.02 
Fayette 38-5 24-30 1 .1161 1.30 1.50 .4329 2.84 12.29 
2 .1109 1.32 1.46 .4270 2.90 12.38 
Av. .1135 1.30 1.48 ,4300 2.90 12.47 
Fayette 38-6 30-36 1 .1333 1.54 2.05 .4627 2.69 12.44 
2 .1389 1.56 2.16 .4746 2.67 12.72 
Av. .1361 1.54 2.10 .4686 2.68 12.56 
Fayette 38-7 36-42 1 .1502 1.94 2.91 .4969 3.08 15.30 
2 .1572 2.00 3.14 .5282 2.85 15.05 
Av. .1537 1.90 2.92 .5126 2.90 14.87 
Experiment 4 Alfalfa 
Marshall 11-4,5 18-30 1 .2000 .75 1.50 .2575 2.91 7.49 
2 .1939 .53 1.03 .2803 3.09 8.66 
Av. .1970 .57 1.12 .2689 3.14 8.44 
Marsha].1 12-6,7 30-42 1 .2257 1.32 2.97 .3272 3.85 12.59 
2 .2273 1.26 2.86 .3272 3.63 11.87 
Av. .2265 1.32 2.99 .3272 3.73 12.20 
Marshall 3,4 12-24 1 .2545 . 1.95 4.96 .3197 3.83 12.24 
2 .2469 2.06 5.06 .3292 3.95 13.00 
Av. .2507 1.99 4.99 .3244 3.89 12.62 
Table A-5. (Continued) 
-P* +P* 
Profile Total Total 
and Composite uptake uptake 
Soil horizon Depth sample P Yield (mg P/ P Yield (mg P/ 
series no. (in.) no. % (g/pot) pot) % (g/pot) pot) 
Monona 26-3,4 12-24 1 .2356 .57 1.34 .2840 4.38 12.44 
2 .2340 .58 1.36 .2944 4.30 12.66 
Av. .2348 .62 1.46 .2892 4.30 12.44 
Monona 26-5,7 24-42 1 .2424 2.54 6.15 .3636 4.32 15.70 
2 .2560 2.66 6.70 .3681 4.69 17.26 
Av. .2492 2.63 6.55 .3658 4.43 16.20 
Monona 27-5,7 24-42 1 .2576 2.21 5.69 .3318 3.83 12.70 
2 .2439 2.23 5.43 .3675 3.91 13.98 
Av. .2508 2.26 5.67 .3446 3.87 13.34 
Marshall 28-3,4 12-24 1 .1969 1.09 2.14 .2833 3.60 10.19 
2 .1863 1.00 1.86 .2967 3.20 9.50 
• 
Av. .1916 1.01 1.94 .2900 3.41 9.89 
Marshall 30-2,3 6-18 1 .1242 .50 .62 .2575 3.80 9.78 
2 .1136 .37 .42 .2469 3.69 9.11 
Av. .1189 .37 .44 .2522 3.74 9.43 
Marsha].1 32-5,7 24-42 1 .2152 2.03 4.36 .3000 3.44 10.32 
2 .1909 1.36 2.60 .3166 3.46 10.95 
Av. .2030 1.67 3.39 .3083 3.41 10.51 
Fayett<i 38-3 12-18 1 .2136 1.68 3.58 .3181 4.04 12.85 
2 .2136 1.69 3.60 .3030 4.03 12.21 
Av. .2136 1.70 3.63 .3106 4.10 12.73 
Table A-6. The pH, chemically-extractable P, plant weight, uptake of P, 
and P availability indexes for the soil horizons used in the 
greenhouse experiments 
Soil analyses 
Profile Soil PH 
Soil 
and 
horizon Depth 1:1 
1:2 
(o.om Extractable P - ppm 
series no. (in.) (HGO) CaClg) Bray Olsen Resii 
Experiment 1 - Corn - Surface soils 
Sharpsburg 10-1 0-6 5.29 4.95 14.0 4.1 8.5 
Marshall 11-1 0-6 6.02 5.71 32.0 9.5 24.6 
Marshall 12-1 0-6 6.50 6.20 29.0 9.0 24.5 
Kniffin 13-1 0-6 5.53 5.20 14.0 2.7 11.9 
Rathbun 14-1 0-6 4.79 4.49 7.0 1.2 6.8 
Monona 15-1 0-6 5.89 5.38 21.0 6.6 17.7 
Monona 16-1 0-6 5.72 5.35 9.0 2.2 8.3 
Marshall 17-1 0-6 6.40 5.96 9.0 2.8 8.9 
Weller 18-1 0-6 4.76 4.52 7.0 1.4 3.2 
Experiment 1 - Corn - South--central and east -central subsoils 
Kniffin 13-3 12-18 4.68 4.29 5.0 0.6 3.0 
Kniffin 13-5 24-30 4.98 4.47 3.0 1.1 4.9 
Kniffin 13-8 42-48 5.53 5.06 19.0 7.3 16.8 
Rathbun 14-3 12-18 4.60 3.97 4.0 0.9 4.3 
Rathbun 14-5 24-30 4.49 3.94 3.0 3.0 11.9 
P^lant Index 1 
Plant Index 2 
Plant Index 3 
Plant Index 4 
= (-P) weight - (ck) weight . 
(+P) weight - (ck) weight 
° P :::: -
- F uiiwâke - fckï T uptake 
(+P) F uptake - (ck) P uptake 
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Plant weight and P uptake 
-P +P 
Wgt/ 
pot 
Total P/ 
pot 
Wgt/ 
pot 
Total P/ 
pot Plant indexes* 
(g) (mg) (g) (mg) 1 2 3 4 
1.68 1.89 2.27 8.39 74.0 59.6 22.5 16.5 
1.63 2.88 1.95 6.86 83.6 71.9 42.0 36.3 
1.88 3.79 2.38 10.96 79.0 68.2 34.6 30.7 
1.50 1.49 2.81 8.97 53.4 34.5 16.6 10.5 
1.36 1.30 2.65 7.91 51.3 29.9 16.4 9.5 
1.14 1.13 2.16 8.94 52.8 24.4 12.6 6.2 
.89 0.82 1.94 9.25 45.9 7.1 8.9 2.4 
.89 0.76 1.89 8.33 47.1 7.4 9.1 1.9 
1.08 0.97 2.69 7.51 40.1 14.4 12.9 5.2 
1.08 0.96 2.52 10.11 42.9 15.8 9.5 3.7 
0.97 0.89 2.21 9.67 43.9 11.4 9.2 3.1 
1.35 1.34 2.34 10.06 57.7 35.3 13.3 7.7 
1.07 0.92 2.58 7.56 41.5 14.7 12.2 4.5 
1.03 0.95 2.39 8.67 43.1 13.9 11.0 . 4.2 
Table A-6. (Continued) 
Soil analyses 
Profile Soil PH 
Soil 
and 
horizon Depth 1:1 
1:2 
(O.OIM Extractable P - ppm 
series no. (in.) (H2O) CACLGT Bray Olsen Re s il 
Rathbun 14-6 30-36 4.58 4.06 9.0 4.5 16.6 
Rathbun 14-8 42-48 4.90 4.31 35.0 12.8 28.3 
Weller 18-3 12-18 4.87 4.25 6.0 2.8 11.1 
Weller 18-6 30-36 4.95 4.21 11.0 8.3 23.8 
Weller 18-8 42-48 5.07 4.32 21.0 13.7 24.0 
Experiment 1 - Corn - Southwest subsoils 
Sharpsburg 10-3,4^  12-24 5.68 5.29 8.0 2.1 5.1 
Sharpsburg 10-5,6 24-36 5.90 5.40 19.0 4.6 8.7 
Marshall 11-3 12-18 6.31 5.87 6.0 1.7 4.3 
Marshall 11-6 32-36 6.51 6.03 7.0 3.1 6.6 
Marshall 11-8 42-48 6.73 6.35 13.0 5.5 12.3 
Marshall 12-3 12-18 6.46 6.05 15.0 3.9 10.4 
Marshall 12-8 42-48 5.61 4.98 35.0 13.1 31.1 
Monona 15-3,4 12-24 6.70 6.31 14.0 6.4 17.1 
Monona 16-3,4 12-24 6.08 5.41 8.0 2.8 7.6 
Marshall 17-3 12-18 6.99 6.62 7.0 3.4 7.4 
Marshall 17-4 18-24 6.90 6.38 12.0 3.6 8.7 
Sand culture 
Experiment 2 - Corn - Surface soils 
Marshall 20-1 0-6 6.03 5.65 10.0 3.3 18.5 
Fayette 21-1 0-6 7.20 6.71 19.0 5.1 21.7 
Tama 22-1 0-6 6.85 6.61 18.0 5.1 16.2 
"After two profiles were mixed, soil wab aamylêu and tested. These 
values, listed in last page of Table A-3, are the ones used in the statis­
tical analyses. 
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Plant weight and P uptake 
-P +P 
Wgt/ Total P/ Wgt/ Total P/  ^
pot pot pot pot Plant indexes 
(g) (mg) (g) (mg) 1 2 3 4 
1.03 0.97 1.94 8.06 53.1 19.5 12.0 4.8 
1.59 1.74 2.13 9.22 74.6 59.1 18.9 13.1 
1.16 1.13 2.37 7.34 48.9 22.4 15.4 7.7 
1.22 1.20 1.99 8.31 61.3 34.7 14.4 7.7 
1.58 1.70 2.00 8.30 79.0 64.7 20.5 14.2 
.87 0.74 1.94 7.73 44.8 5.3 9.6 1.8 
.93 0.83 1.79 7.42 52.0 12.2 11.2 3.2 
.91 0,82 1.85 6.96 49.2 9.6 11.8 3.3 
.86 0.78 1.61 4.97 53.4 6.2 15.7 3.9 
.97 1,00 1.61 6.18 6.02 20.0 16.2 7.0 
.90 0.80 1.78 6.89 50.6 9.3 11.6 3.0 
1.22 1.17 1.83 5.95 66.7 40.2 19.7 10.5 
.92 0.84 1.61 4.68 57.1 13.8 17.9 • 5.7 
.86 0.83 1.58 4.95 54,4 6.5 16.8 5.1 
.86 0.76 1.66 7.76 51.8 5.9 9.8 2.1 
.88 0.74 1.75 7.62 50.3 7.4 9.7 1.9 
.82 .61 
1.55 1.66 3.93 5.92 39.4 22.5 28.0 17.8 
2.68 3.34 5.63 9.19 47.6 38.2 36.3 30.8 
2.03 2.59 4.07 5.61 49.9 36.4 46.2 38.0 
Table A-6. (Continued) 
Soil analyses 
Soil 
Profile 
and 
horizon Depth 
Soil PH 
1:2 
1:1 fO.OlM Extractable P - ppm 
series no. (in.) (HgO) CaClg) Bray Olsen Resin 
Ida 23-1 0-6 7.35 6.85 17.0 7.2 21.7 
Marshall 24-1 0-6 7.44 6.86 11.0 5.1 18.1 
Idaf 25-1 0-6 7.65 7.26 16.0 6.7 21.0 
Monona 26-1 0-6 5.63 5.13 10.0 3.1 8.3 
Marshall 27-1 0-6 6.41 6.17 27.0 7.5 22.8 
Marshall 28-1 0-6 6.05 5.75 16.0 4.4 16.0 
Marshall 29-1 0-6 5.03 4.75 15.0 2.5 11.7 
Marshall 30-1 0-6 6.57 6.35 48.0 13.3 48.9 
Marshall 31-1 0-6 5.65 5.45 32.0 11.7 29.4 
Marshall 32-1 0-6 5.41 5.09 11.0 1.7 7.9 
Marshall 33-1 0-6 6.72 6.30 13.0 4.2 15.1 
Marshall 34-1 0-6 5.95 5.55 16.0 4.2 13.2 
Marshall 35-1 0-6 6.01 5.59 27.0 7.0 25.1 
Marshall 36-1 0-6 6.10 5.49 5.0 2.0 9.8 
Marshall 37-1 0-6 6.35 5.82 7.0 1.9 6.4 
Experiment 2 - Corn - Southwest subsoils^  
Marshall 20-3 12-18 6.43 5.71 9.0 3.7 11.5 
Marshall 20-5 24-30 6.77 6.03 12.0 3.7 11.2 
Marshall 20-8 42-48 6.78 6-15 14.0 6.6 17.0 
Marshall 24-6 30-36 6.67 5.89 13.0 5.9 14.9 
Marshall 24-8 42-48 6.54 5.79 15.0 8.4 19.6 
T^his soil was deleted from statistical analyses because its plant 
index values were much higher than the others although its chemical values 
vere in th'' médium range. 
H^orizons 26-6 and 31-8 were not used in analyses of data because of 
poor duplication among replicates (Table A-4). 
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Plant weight and P uptake 
-P +P 
Wgt/ 
pot 
Total P/ 
pot 
Wgt/ 
pot 
Total P/ 
pot Plant indexes* 
(g) (mg) (g) (mg) 1 2 3 4 
2.57 4.18 4.73 7.42 54.3 44.2 56.3 51.5 
1.83 2.31 3.31 5.30 55.3 39.6 43.6 34.4 
3.57 6.13 5.05 8.42 70.7 64.7 72.8 70.2 
2.08 2.25 4.97 7.29 41.9 29.7 30.9 23.1 
2.62 3.16 4.63 7.56 56.6 46.7 41.8 35.3 
2.07 2.37 4.55 7.20 45.5 32.8 32.9 25.2 
1.86 1.95 4.65 6.22 40.0 26.4 31.4 22.1 
3.30 4.12 5.63 9.57 58.6 51.2 ,43.1 38.3 
2.73 2.75 4.86 8.02 56.2 46.8 34.3 27.6 
1.51 1.59 4.46 5.87 33.9 18.1 27.1 16.6 
2.10 2.62 5.46 10.63 38.5 27.0 24.6 19.0 
2.65 4.42 6.10 9.50 43.4 34.2 46.5 42.0 
2.79 3.90 4.94 7.91 56.5 47.3 49.3 44.1 
1.74 1.94 4.21 6.41 41.3 26.3 30.3 21.2 
1.87 2.39 4.54 6.96 41.2 27.4 34.3 26.5 
1.32 1.16 3.99 4.50 33.1 14.7 25.8 11.2 
1.58 1.57 3.44 4.88 45.9 27.9 32.2 20.0 
2.11 2.08 4.32 6.79 48.8 36.1 30.6 22.1 
1.77 1.58 3.62 5.07 48.9 33.0 31.2 19.4 
1.58 1.48 2.86 4.27 55.2 36.0 34.7 21.0 
Table A-6. (Continued) 
Soil 
series 
Profile 
and 
horizon 
no. 
Soil pH 
Soil analyses 
1:2 
Depth 1:1 (O.OIM 
(in.) (HgO) CaClg) 
Extractable P - ppm 
Bray Olsen Resin 
Monona 26-8 42-48 7.14 6.80 14.0 6.4 16.0 
Marshall 27-6 30-36 5.89 5.30 32.0 8.6 19.8 
Marshall 27-8 42-48 5.99 5.58 26.0 10.3 23.2 
Marshall 28-6 30-36 6.24 5.68 14.0 7.0 17.9 
Marshall 28-8 42-48 6.25 5.64 16.0 9.5 22.8 
Marshall 29-5 24-30 5.74 5.22 6.0 0.9 5.7 
Marshall 29-6 30-36 5.90 5.27 17.0 2.2 11.3 
Marshall 29-8 42-48 6.06 5.51 32.0 8.1 20.9 
Marshall 30-4 18-24 6.09 5.79 18.0 3.6 14.5 
Marshall 30-6 30-36 6.34 5.87 27.0 7.8 21.1 
Marshall 30-8 42-48 6.41 5.89 23.0 9.7 21.9 
Marshall 31-4 18-24 5.72 5.20 7.0 1.7 6.6 
Marshall 31-6 30-36 5.84 5.31 22.0 5.5 14.5 
Marshall 32-6 30-36 6.40 5.95 12.0 5.1 10.4 
Marshall 32-8 42-48 6.77 6.02 15.0 7.3 16.6 
Sand culture 
Experiment 3 - Corn - Southwest subsoils 
Sharpsburg 10-3,4 12-24 5.68 5.30 8.0 2.1 5.1 
Sharpsburg 10-5,6 24-36 5.90 5.40 19.0 4.6 8.7 
Sharpsburg 10-7,8 36-48 6.11 5.62 30.0 8.3 15.2 
Monona 15-3,4 12-24 6.74 6.32 14.0 6.4 17.1 
Monona 15-5,6 24-36 7.20 6.86 11.0 5.5 6.9 
Monona 15-7,8 36-48 7.80 7.46 3.0 1.2 4.3 
Monona 16-3,4 12-24 6.08 5.41 8.0 2.8 7.6 
Monona ' 16-5,6 24-36 6.80 6.21 13.0 8.1 14.2 
Monona 16-7,8 36-48 6.79 6.26 18.0 10.9 20.1 
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Plant weight and P uptake 
-P +P 
Wgt/ Total P/ Wgt/ Total P/  ^
pot pot pot pot Plant indexes 
(g) (mg) (8) (nig) 1 2 3 4 
2.73 2.52 5.18 9.86 52.7 43.3 25.6 19.5 
2.52 2.57 4.46 8.38 56.5 46.1 30.7 24.0 
3.06 3.71 4.48 9.07 68.3 60.8 40.9 25.7 
2.44 2.73 4.63 8.01 52.7 41.9 34.1 27.4 
3.08 3.19 4.49 8.80 68.6 61.2 36.2 30.4 
1.43 1.24 4.39 6.01 32.6 16.1 20.6 9.5 
1.47 1.22 4.50 6.39 32.7 16.8 19.1 8.5 
1.73 1.70 3.23 4.83 53.6 36.7 35.2 23.5 
1.55 1.28 3.76 4.91 41.2 23.8 26.1 12.9 
1.90 1.79 3.84 5.30 49.5 34.9 33.8 23.0 
1.71 1.68 2.98 4.36 57.4 40.1 38.5 26.0 
1.18 0.99 3.95 4.46 29.9 10.4 22.2 6.7 
1.38 1.25 3.92 4.91 35.2 17.0 25.5 12.2 
1.32 1.29 3.13 3.90 42.2 20.3 33.1 17.4 
1.27 1.36 2.75 3.50 46.2 21.7 38.9 22.5 
.86 .74 
1.55 1.35 4.83 12.82 32.1 13.7 10.5 4.2 
1.52 1.42 5.04 12.45 30.2 12.2 11.4 5.0 
1.66 1.60 3.79 11.74 43.8 22.8 13.6 6.9 
1.67 1.64 4.26 12.31 39.2 19.8 13.3 6.9 
1.02 0.93 2.16 5.06 47.2 0 18.4 1.9 
.85 0.72 2.09 2.69 40.7 0 26.8 0 
1.02 0.92 3.41 8.27 29.9 0 11.1 0.9 
1.28 1.36 3.58 11.06 35.8 9.8 12.3 5.0 
1.84 2.16 3.54 12.16 52.0 32.3 17.8 11.6 
Table A-6. (Continued) 
Soil analyses 
Profile Soil pH 
and 1:2 
Soil horizon Depth 1:1 (Q.OlM Extractable P - ppm 
series no. (in.) (HgO) CaCl^ ) Bray Olsen Res in 
Marshall 17-6 30-36 .6.34 5.74 15.0 5.5 11.5 
Marshall 20-4 18-24 6.46 5.90 12.0 4.8 9.4 
Marshall 20-7 36-42 6.80 6.15 14.0 5.3 14.5 
Marshall 30-5 24-30 6.28 5.84 23.0 5.9 18.1 
Marshall 30-7 36-42 6.38 5.89 25.0 8.4 23.2 
Marshall 31-5 24-30 5.75 5.23 13.0 1.9 9.8 
Marshall 31-7 36-42 5.85 5.35 28.0 6.2 18.7 
Experiment 3 - Corn - South-central and East-central subsoils 
Kniffin 13-6 30-36 5.13 4.60 6.0 5.1 11.9 
Kniffin 13-8 42-48 5.53 5.06 19.0 7.3 16.8 
Fayette 21-5 24-30 6.32 5.60 34.0 6.7 19.2 
Fayette 21-7 36-42 5.58 4.83 47.0 12.8 30.4 
Tama 22-4 18-24 5.83 5.35 12.0 1.1 6.8 
Tama 22-5 24-30 5.71 4.86 23.0 3.4 12.8 
Sand culture 
Experiment 3 - Alfalfa - Southwest subsoils 
Sharpsburg 10-3,4 12-24 5.68 5.29 8.0 2.1 5.1 
Sharpsburg 10-5,6 24-36 5.90 5.40 19.0 4.6 8.7 
Sharpsburg 10-7,8 36-48 6.11 5.62 30.0 • 8.3 15.2 
Monona 15-3,4 12-24 6.70 6.31 14.0 6.4 17.1 
Monona 15-5,6 24-36 7.20 6.86 11.0 5.5 6.9 
Monona 15-7,8 36-48 7.80 7.46 3.0 1.2 4.3 
Monona 16-3,4 12-24 6.08 5.41 8.0 2.8 7.6 
Monona 16-5,6 24-36 6.50 6.21 1 n A tu • u O 1 1/. 2 
Monona 16-7,8 36-48 6.79 6.26 18.0 10.9 20.1 
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Plant weight and P uptake 
-P +P 
Wgt/ Total P/ Wgt/ Total P/ 
pot pot pot pot Plant indexes 
(g) (mg) (g) (mg) 1 2 3 4 
1.17 0.99 3.25 7.34 36.0 6.3 13.5 2.2 
1.12 1.07 4.39 9.96 25.5 2.7 10.7 2.4 
1.75 1.75 3.80 10.51 46.1 26.0 16.6 9.3 
1.46 1.34 4.04 9.70 36.1 14.3 13.8 5.5 
1.74 1.63 4.34 12.02 40.1 21.5 13.6 7.0 
1.22 1.14 4.07 9.81 30.0 6.3 11.6 3.2 
1.26 1.18 4.16 10.28 30.3 7.3 11.5 3.5 
1.56 1.53 3.68 9.12 42.4 20.0 16.8 8.2 
1.90 1.89 3.78 11.82 50.3 31.6 16.0 9.5 
2.08 2.14 3;75 10.64 55.5 38.6 20.1 13.2 
2.04 2.53 3.72 11.39 54.8 37.5 22.2 15.9 
1.19 1.12 3.54 7.29 33.6 6.4 15.4 4.2 
1.11 1.06 3.58 8.52 31.0 3.1 12.4 2.7 
1.03 0.85 
.09 0,09 .98 3.33 9.2 0 2.7 0 
.10 0.11 .98 3.28 10.2 1.1 3.4 0.6 
.57 0.95 1.02 3.71 55.9 51.6 25.6 23.8 
ro
 
00
 
0.47 .89 3.59 31.5 23.8 13.1 10.9 
.18 0.24 .75 2.00 24.0 13.6 12.0 7.9 
.09 0.09 .76 1.90 11.8 0 4.7 0 
.20 0.25 .77 2.43 26.0 16.2 10.3 6.8 
.36 0.51 .84 3.32 42.9 A « V 15.4 11,0 
.64 1.08 .80 3.39 80.0 77.5 31.9 30.0 
Table A-6. (Continued) 
Soil analyses 
Profile Soil pH 
and 1:2 
Soil horizon Depth 1:1 (O.OIM Extractable P - ppm 
series no. (in.) (HgO) CaClg) Bray Olsen Resin 
Marshall 17-6 30-36 6.34 5.74 15.0 5.5 11.5 
Marshall 20-4 18-24 6.46 5.90 12.0 4.8 9.4 
Marshall 20-7 36-42 6.80 6.15 14.0 5.3 14.5 
Marshall 30-5 24-30 6.28 5.84 23.0 5.9 18.1 
Marshall 30-7 36-42 6.38 5.89 25.0 8.4 23.2 
Marshall 31-5 24-30 5.75 5.23 13.0 1.9 9.8 
Marshall 31-7 36-42 5.85 5.35 28.0 6.2 18.7 
Experiment 3 - Alfalfa - South-central and East-central subsoils 
Kniffin 13-6 30-36 5.13 4.60 6.0 5.1 11.9 
Kniffin 13-8 42-48 5.53 5.06 19.0 7.3 16.8 
Fayette 21-5 24-30 6.32 5.60 34.0 6.7 19.2 
Fayette 21-7 36-42 5.58 4.83 47.0 12.8 30.4 
Tama 22-4 18-24 5.83 5.35 12.0 1.1 6.8 
Tama 22-5 24-30 5.71 4.86 23.0 3.4 12.8 
Sand culture 
Experiment 4 - Corn - Southwest subsoils 
Marshall 11-4,5 18-30 6.34 5.94 7.0 2.4 6.5 
Marshall 11-7 36-42 6.60 6.14 9.0 4.2 8.9 
Marshall 12-4 18-24 6.06 5.63 16.0 3.9 11.7 
Marshall 12-6,7 30-42 5.41 4.90 34.0 12.0 29.2 
Marshall 17-7 36-42 6.32 5.73 14.0 6.2 12.1 
Marshall 20-5 24-30 6.77 6.03 12.0 3.7 11.2 
Marshall 24-3,4 12-24 7.10 6.34 8.0 2.8 12.2 
Marshall 24-5,7 24-42 6.65 5.91 14. G 6,4 1 C O • A. 
Monona 26-3,4 12-24 6.68 6.20 6.0 1.0 3.2 
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Plant weight and P uptake 
-P +P 
fgt/ 
lot 
Total P/ 
pot 
Wgt/ 
pot 
Total P/ 
pot Plant indexes^  
:g) (mg) (g) (mg) 1 2 3 4 
.25 0.35 .87 2.98 28.7 20.5 11.7 9.0 
.17 0.24 .94 2.83 18.1 9.4 8.5 5.5 
.67 1.41 1.05 4.14 63.8 60.4 34.1 32.6 
.23 0.36 .93 2.45 24.7 16.7 14.7 11.4 
.59 0.93 .94 3.42 62.8 58.8 27.2 25.2 
.10 0.11 .76 2.22 13.2 1.5 5.0 0.9 
.16 0.24 .64 2.38 25.0 12.7 10.1 6.6 
.08 0.09 .80 2.74 10.0 0 3.3 0 
.11 0.15 .75 2.93 14.7 3.0 5.1 2.1 
.13 0.15 .74 2.60 17.6 6.2 5.8 2.4 
.24 0.36 .68 2.58 35.3 25.4 14.0 10.8 
.16 0.20 0.76 2.59 21.1 10.4 7.7 4.4 
.11 0.15 .69 1.84 15.9 3.3 8.2 3.4 
.085 0.09 
.92 .96 2.48 7.10 37.1 17.9 13.5 5.8 
.95 .99 1.92 6.46 49.5 27.6 15.3 7.0 
.92 .98 2.05 5.61 44.9 23.1 17.5 8.0 
.95 1.02 1.82 5.51 52.2 29.8 18.5 8.9 
.77 .84 1.77 6.86 43.5 16.0 12.2 4.1 
.84 .88 1.47 4.88 57.1 29.2 18.0 7.0 
.90 .92 2.31 6.07 39.0 18.5 15.2 6.2 
.93 1.01 1.88 5.38 49.5 26.9 15.5 9.0 
.87 .93 1.81 4.82 48.1 23.6 19.3 8.3 
Table A-6. (Continued) 
Soil analyses 
Profile Soil pH 
Soil 
and 
horizon Depth 1:1 
1:2 
(O.OIM Extractable P - ppm 
series no. (in.) (HgO) CaClg) Bray Olsen Resin 
Monona 26-5,7 24-42 7.15 6.76 12.0 6.4 11.6 
Marshall 27-3 12-18 6.11 5.79 16.0 3.1 12.8 
Marshall 27-5,7 24-42 5.86 5.40 31.0 8.2 19.0 
Marshall 28-3,4 12-24 6.34 5.79 14.0 2.9 10.2 
Marshall 29-4 18-24 5.70 5.18 4.0 0.6 4.9 
Marshall 29-7 36-42 5.99 5.33 27.0 4.8 16.0 
Marshall 30-2,3 6-18 6.02 5.56 9.0 2.0 9.9 
Experiment 4 - Corn - South-central and East -central subsoils 
Rathbun 14-7 36-42 4.82 3.97 32.0 8.6 24.5 
We lier 18-5 24-30 4.95 4.20 4.0 4.2 13.6 
We lier 18-7 36-42 5.07 4.24 19.0 10.6 24.9 
Fayette 21-2 6-12 7.13 6.49 24.0 5.3 15.7 
Fayette 21-4 18-24 6.77 6.07 25.0 5.9 16.6 
Fayette 38-3 12-18 6.34 5.61 21.0 5.9 13.4 
Fayette 38-4 18-24 5.53 5.23 19.0 6.4 10.9 
Fayette 38-5 24-30 5.42 4.75 25.0 7.2 16.6 
Fayette 38-6 30-36 5.42 4.75 35.0 13.7 23.6 
Fayette 38-7 36-42 5.46 4.85 43.0 16.1 28.7 
Sand culture 
Experiment 4 -Alfalfa - Southwest subsoils 
Marshall 11-4,5 18-30 6.34 5.94 7.0 2.4 6.5 
Marshall® 12-6,7 30-42 5.41 4.90 34.0 12.0 29.2 
Marshall 24-3,4 12-24 7.10 6.34 8.0 2.8 12.2 
Monona 26-3,4 12-24 6.68 6.20 6.0 1.0 3.2 
®See original corrected. 
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Plant weight and P uptake 
-P +P 
Wgt/ Total P/ Wgt/ Total P/ 
pot pot pot pot Plant indexes 
(g) (mg) (s) (mg) 1 2 3 4 
.76 .89 1.51 4.15 50.3 19.4 21.4 8.7 
.90 .95 2.14 6.08 42.1 20.5 15.6 6.7 
1.01 1.09 2.21 6.28 45.7 26.4 17.4 8.9 
.97 1.05 2.40 6.37 40.4 21.4 16.5 8.1 
.84 .85 1.86 5.39 45.2 20.3 15.8 5.6 
.98 1.07 2.41 6.90 40.7 21.9 15.5 7.8 
.97 .95 2.67 6.95 36.3 18.7 13.7 5.8 
1.01 1.19 2.18 7.19 46.3 26.9 16.6 9.2 
.96 1.06 2.18 5.93 44.0 23.8 17.9 9.0 
1.22 1.44 2.32 7.60 52.6 36.8 18.9 12.3 
1.88 2.14 3.66 20.20 51.4 42.2 10.6 8.0 
1.17 1.26 2.69 11.43 43.5 28.0 11.0 6.3 
1.62 1.82 3.40 14.11 47.6 36.9 12.9 9.2 
1.41 1.51 2.87 11.02 49.1 • 36.2 13.7 8.9 
1.30 1.48 2.90 12.47 44.8 31.0 11.9 7.6 
1.54 2.10 2.68 12.51 57.5 45.7 16.7 12.7 
1.90 2.92 2.90 14.87 65.5 56.9 19.6 16.4 
00 
.58 
.57 1.12 3.14 8.44 18.2 15.7 13.3 12.3 
1.32 2.99 3.73 12.20 35.4 33.8 24.5 23.9 
1.99 4.99 3.89 12.62 51.2 50.0 39.5 39.1 
.62 1.46 4.30 12.44 14.4 12.Ô 1 i -7 . ê 11 1 
Table A-6. (Continued) 
Soil 
series 
Profile 
and 
horizon 
no. 
Depth 
(in.) 
Soil analyses 
Soil PH 
1:2 
1:1 (O.OIM 
(H O) CaCl T 
Extractable P - ppm 
Bray Olsen Resin 
Monona 26-5,7 24-42 7.15 6.76 12.0 6.4 11.6 
Marshall 27-5,7 24-42 5.86 5.40 31.0 8.2 19.0 
Marshall 28-3,4 12-24 6.34 5.79 14.0 2.9 10.2 
Marshall 30-2,3 6-18 6.02 5.50 9.0 2.0 9.9 
Marshall 32-5,7 24-42 6.49 5.92 11.0 4.3 10.4 
Fayette^  38-3 12-18 6.34 5.61 21.0 5.9 13.4 
Sand culture 
E^ast-central subsoils. 
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Plant weight and P uptake 
-P +P 
Wgt/ Total P/ Wgt/ Total P/  ^
pot pot pot pot Plant indexes 
(g) (mg) (g) (mg) 1 2 3 4 
2.63 6.55 4.43 16.20 59.4 58.5 40.4 40.1 
2.26 5.67 3.87 13.34 58.4 57.4 42.5 41.8 
1.01 1.94 3.41 9.89 29.6 27.7 19.6 18.9 
.37 .44 3.74 9.43 9.9 07.7 4.7 3.7 
1.67 3.39 3.41 10.51 49.0 47.6 32.3 31.7 
1.70 3.63 4.10 12.73 41.5 40.1 28.5 28.0 
.09 .09 
320 
Table A-7. Correlation matrices for soil pH, chemically-extractable P, and 
plant-available P for each of the soil groups in each experi­
ment 
Variable^  
3^  X4 ?! Y, Y, Y4 Y, Yg 
Experiment 1 
All soil horizons - Corn (n = 30) 
X, 1.00 
4 .17 1.00 
3^ .06 .87 1.00 
4^ -.01 .85 .95 1.00 
-.28 .63 .57 .60 1.00 
Yg -.00 .64 .52 .57 .89 1.00 
Y3 .15 .81 .83 .78 .78 .78 1.00 
Y? -.20 .74 .74 .73 .96 .87 .90 1.00 
Y5 .12 .67 .56 .60 .76 .89 .84 .82 
6^ .01 .67 
.56 .61 .85 .95 .84 .89 
All subsoil horizons - Corn (n = 21) 
h 1.00 
xi .04 1.00 4 -.08 .88 1.00 
-.21 .82 .95 1.00 
4 -.55 .62 .77 .74 1.00 
Yg -.48 .64 .81 .76 .99 1.00 
Y^  .04 .80 .95 .85 .72 .79 1.00 
4^ -.42 .72 .89 .84 .97 .98 . .85 1.00 A .00 .64 .79 .74 .57 .64 .83 .69 
Y? -.34 .71 .88 .84 .91 .94 .88 .96 
1.00 
.97 1.00 
1.00 
.85 1.00 
X. = soil pH, X_ = Bray P, X3 = Olsen P, X4 = Resin P, Yj^  = plant 
weight, Yg " P uptake, Y^  = Index 1, Y^  = Index 2, Yg = Index 3, Y^  = Index 
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Table A-7. (Continued) 
Variable 
=2 =3 
4^ ?1 ?2 3^ ?4 ?5 
Ail surface soil horizons ' - Corn (n = 9) 
X, 1.00 
x; .61 1.00 
X, .67 .99 1.00 
Xf .71 .98 .97 1.00 
Y% .12 .67 .61 .60 1.00 
Y; .44 .85 .82 .81 .88 1.00 
Y, .42 .84 .83 .78 .86 .90 1.00 
Yl .24 .80 .76 .71 .95 .91 .97 1.00 
Y^  .32 .86 .82 .79 .83 .93 .93 .94 1.00 
i .35 .87 .83 .81 .85 .94 .94 .95 1.00 
South-central subsoil horizons - Corn (n = 10) 
X, 1.00 
X, .48 1.00 
X, .47 .89 1.00 
xf .36 .83 .94 1.00 
Yt .54 .93 .93 .80 1.00 
Y, .52 .93 .95 .84 .99 1.00 
Y, .47 .88 .99 .91 .93 .95 1.00 
Y? .49 .90 .97 .86 .98 .99 .98 1.00 
Y: .34 .79 .89 .81 .91 .92 .91 .93 1.00 
?6 '44 .87 .94 .84 .97 .98 .95 .98 .98 
Southwest subsoil horizons - Corn (n = 11) 
X, 1.00 
x: -.47 1.00 
X, -.31 .94 1.00 
xf -.29 .91 .99 1.00 
Y4 -.46 
.92 .94 .92 1.00 
YJ -.37 .81 .88 .86 .94 1.00 
Y:: -.10 .73 .88 .87 .81 .91 1.00 
Y/ -.38 .91 .95 .93 .99 .97 .88 1.00 
Y; -.20 .49 .67 .70 .59 .73 .86 .66 1.00 
Yfi -.32 .74 .87 .87 .86 .96 .95 .91 .90 
1.00 
1.00 
1.00 
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Table A-7. (Continued) 
Variable^  
%1 %2 h %4 ?1 ?2 3^ 4^ ?5 
Southwest subsoil horizons except horizon 12-8 - Corn Cn = 10) 
1.00 A -.05 1.00 A .40 .71 1.00 
.42 .61 .95 1.00 A .07 .62 .64 .54 1.00 
.12 .32 .56 .48 .83 1.00 
Y! .47 .29 .76 .71 .55 ,81 1.00 
Y? .22 .56 .75 • 66 .96 .91 .74 1.00 
Yc .11 .04 .50 .57 .27 .61 .80 .46 1.00 
6^ .15 .19 .61 .62 .60 .88 
.90 .76 .90 
Experiment 2 
Ail soil horizons - Corn (n = 37) 
X, 1.00 
4 -.03 1.00 
x! .24 .80 1.00 
.25 .86 .88 1.00 
Y? .16 .57 .63 .68 1.00 
Yg .22 .46 .47 .58 .91 1.00 
Y3 .32 .57 .84 .70 .72 .59 1.00 
4^ .27 .60 .79 .72 .89 .76 .94 1.00 
Yc .40 .39 .50 .52 .55 .74 .64 .64 1.00 
6^ .36 .43 .51 .57 .74 .89 .66 .75 .95 
Surface soil horizons - Corn (n = 17) 
X, 1.00 
4 .07 
1.00 4 .24 .93 1.00 
.28 .93 .94 1.00 A .25 .85 .84 .79 1.00 
Y) .39 .61 .61 .58 .88 1.00 
.46 .74 .84 .77 .75 .63 1.00 
Y| .42 .81 .88 .80 .87 .75 .97 1.00 
Y5 .50 .40 .47 .41 .59 .78 .74 .73 1.00 
. W* JL /.C . 52 A6 :69 .87 .75 .78 .99 
1.00 
1.00 
1.00 
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Table A-7. (Continued) 
Variable ^  • 
=2 %3 =4 Tfl 1^ 2 3^ Y, Y, 
Southwest subsoil horizons - Corn (n - 20) 
X, 1.00 
x: -.22 1.00 
X: .25 .66 1.00 
xf .19 .74 .96 1.00 
y; .13 .37 .64 .66 1.00 
Y; .09 .39 .69 .68 .97 1.00 
Y, .27 .52 .91 .89 .81 .84 1.00 
Yf .20 .50 .84 .84 .93 .93 .97 1.00 
Y! .34 .44 .86 .77 .40 .52 .81 .66 
Y| .28 .52 .91 .87 .76 .84 .95 .91 
Southwest subsoil horizons 12-36 inches - Corn (n = 12) 
X, 1.00 
x; -.11 1.00 
X:: .30 .77 1.00 
xf .24 .84 .92 1.00 
Y^ .95 .61 .77 .78 1.00 
Y: .14 .53 .77 .73 .98 1.00 
Y:: .44 .60 .86 .81 .88 .87 1.00 
Y^ .31 .63 .85 .83 .96 .94 .98 1.00 
Y^ .69 .35 .80 .65 .57 .64 .85 .74 
Y6 .50 .50 .86 .78 .85 .89 .96 .94 
Southwest subsoil horizons 42-48 inches - Corn (n = 8) 
X, 1.00 
x: -.78 1.00 
x; -.82 .50 1.00 
Xf -.91 .61 .95 1.00 
Y^ -.19 -.02 .30 .37 1.00 
yI -.35 .10 .45 .44 .96 1.00 
Y, -.67 .30 .83 .86 .75 .81 1.00 
Y; -.50 .20 .63 .70 .92 .92 .94 1.00 
Y^ -.73 .46 .78 .66 -.15 .09 .41 .14 
Te .43 .84 .82 .61 .78 .86 .78 
1.00 
.89 1.00 
1.00 
.91 1.00 
1.00 
.68 1.00 
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Table A-7. (Continued) 
Variable^  
=1 =2 =4 ?2 1^3 ?4 Ts ?6 
Southwest subsoil horizons 
Experiment 3 
Corn (n = 16) 
1.00 
4 -.42 1.00 
X3 .09 .65 1.00 
-.10 .76 .81 1.00 
-.26 .54 .62 .67 1.00 
-.12 .48 .73 .70 .96 1.00 
Y! .59 .11 .54 .33 .42 .51 1.00 
Y^  -.08 .50 .68 .69 .96 .97 .58 1.00 
Yc .87 -.33 -.07 -.16 -.22 -.13 .64 -.03 
?6 -.05 .48 .73 .71 .94 .99 .58 .98 
Southwest subsoil horizons PH <6.8 - Corn ( n  =  14) 
Xi 1.00 
Xg .08 1.00 
.65 .57 1.00 
4^ .49 .69 .81 1.00 
Y^  .35 .36 .55 .54 1.00 
Yj .52 .30 .70 .59 .94 1.00 A .61 .30 .73 .61 .80 .87 1.00 
4^ .48 .36 .66 .60 .97 .97 .92 
1.00 
Y5 .68 .25 .67 .62 .69 .79 .94 .83 
Y^  .57 .32 .70 .62 .92 .99 .90 .98 
1.00 
-.06 1.00 
1.00 
.86 1.00 
South-central and southeast subsoil horizons - Corn (n = 6) 
x. 1.00 
.44 1.00 A -.10 .78 1.00 
.08 .90 .97 1.00 
YÎ .19 .62 .82 .78 1.00 
Yg .14 .76 .93 .91 .96 1.00 YQ .20 .63 .83 .79 1.00 .96 1.00 
Y^  .19 .62 .83 .78 1.00 .96 1.00 
YR .20 .70 .80 .80 .85 .92 .87 
'6 .15 .73 .90 .88 
-95 .99 .96 
1.00 
.86 
.96 
1.00 
.96 1.00 
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Table A-7. (Continued) 
Variable^  
=2 *3 =4 ?! ?2 ?3 74 ?5 ?6 
Southwest subsoil horizons - Alfalfa (n = 16) 
X, 1.00 
4 -.42 1.00 
x! .09 .65 1.00 
x| -.10 .76 .81 1.00 
.18 .44 .76 .68 1 .00 
YO .19 .40 .68 .64 .98 1.00 
.21 .43 .82 .72 .98 .95 1.00 
Y? .20 .43 .82 .71 .98 .95 1.00 1.00 
Yc .22 .44 .75 .70 .98 .98 .97 .97 
.20 .45 .76 .70 .99 .99 .97 .98 
Southwest subsoil horizons PH < 6.8 - Alfalfa fn = 14) 
x. 1.00 
-.09 1.00 4 .65 .57 1.00 
x! .49 .69 .81 1.00 4 .67 .35 .74 .64 1 .00 
Yg .66 .31 .66 .60 .98 1.00 
.68 .35 .81 .70 .98 .94 1.00 
Y^  .69 .34 .81 .68 .98 .95 1.00 1.00 
Yc ,67 .37 .73 .68 .98 .98 .97 .97 
?6 .68 .37 .74 .68 .99 .99 .97 .97 
Experiment 4 
Southwest Subsoil horizons - Corn (n = 16) 
1.00 
1.00 1.00 
1.00 
1.00 1.00 
'6 
1.00 
-.55 1.00 
-.28 .83 1.00 
-.43 .90 .91 1.00 
-.45 .46 .13 .34 1.00 
-.35 .67 .39 .50 .89 1.00 
.15 .19 .43 .26 -.32 -.14 1.00 
-.16 .45 .48 .47 .36 .43 .76 1.00 
.25 .20 .31 .21 -.14 .13 .68 .54 
* 01 e n >."7 A C .36 .64 ; 
1.00 
.84 1.00 
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Table A-7. (Continued) 
Variable 
%1 %2 %4 ?1 ?2 3^ ?4 ?5 
South-central and east-central subsoil horizons - Corn fn = 10) 
X, 1.00 
Xg .02 1.00 
",41 .75 1.00 
-.57 .45 .77 1.00 A .53 .52 .35 -.08 1.00 Y] .26 .71 .66 .27 .92 1.00 
-.09 .70 .88 .55 .71 .90 1.00 
YI .16 .69 .73 .30 .88 .97 .95 1.00 
-.78 .19 .72 .84 -.14 .18 .54 .28 1.00 
?6 -.41 .57 .93 .73 .43 .70 .92 .78 .81 
Southwest subsoil horizons - Alfalfa (n =» 9) 
Xi 1.00 
4 -.53 
1.00 
X3 -.16 .86 1.00 
-.29 .86 .86 1.00 A .39 .52 .82 .71 1.00 Y\ 
.42 .50 .79 .68 .99 1.00 A .32 .54 .81 .74 .98 .96 1.00 
.32 .55 .81 .74 .98 .96 .99 1.00 
Y5 .35 .53 .78 .72 .97 .97 .99 .99 1.00 
?6 .36 .52 .77 .72 .97 .97 .99 .99 .99 
1.00 
1.00 
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Table A-8. N and K percentage of plants grown with (+P) and without (-P) 
phosphorus fertilizer - Experiment 4 
Profile 
Soil 
and 
horizon 
Composite 
sample N (%) K (7o) 
series no. Depth no. -P +P -P +P 
Corn 
Marshall 11-4,5 18-30 1 
2 
Av. 
3.00 
2.86 
2.93 
3.59 
3.65 
3.62 
2.92 
3.27 
3.10 
2.75 
2.80 
2.78 
Marshall 11-7 36-42 1 
2 
Av. 
3.38 
3.41 
3.40 
3.84 
3.76 
3.80 
3.54 
3.05 
3.30 
2.80 
2.64 
2.73 
Marshall 12-4 18-24 1 
2 
Av, 
3.41 
3.42 
3.42 
3.85 
3.92 
3.89 
4.12 
4.31 
4.22 
3.52 
3.47 
3.50 
Marshall 12-6,7 30-42 1 
2 
Av. 
3.14 
3.41 
3.28 
3.84 
3.97 
3.91 
4.06 
4.31 
4.19 
3.32 
3.49 
3.41 
Rathbun 14-7 36-42 1 
2 
Av. 
3.02 
3.06 
3.04 
4.07 
4.05 
4.06 
4.56 
4.45 
4.51 
4.21 
4.37 
4.29 
Marshall 17-7 36-42 1 
2 
Av. 
3.41 
3.46 
3.44 
4.12 
4.03 
4.08 
3.73 
3.93 
3.83 
3.65 
3.49 
3.57 
We lier 18-5 24-30 1 
2 
Av. 
4.07 
3.99 
4.03 
4.06 
4.07 
4.07 
4.12 
4.26 
4.18 
3.93 
3.96 
3.95 
Weller 18-7 36-42 1 
2 
Av. 
3.49 
3.54 
3.51 
4.06 
4.21 
4.14 
4.23 
4.28 
4.25 
3.80 
3.85 
3.83 
Marshall 20-5 24-30 1 
2 
Av, 
3.47 
3.47 
3.47 
4.02 
4.06 
4.04 
3.49 
3.63 
3.56 
3.43 
3.46 
3.45 
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Table A-8. (Continued) 
Soil 
Profile 
and 
horizon 
Composite 
sample N (%) K (%) 
series no. Depth no. -P +P -P +P 
Fayette 21-2 6-12 1 
2 
Av. 
3.32 
3.35 
3.34 
4.07 
4.00 
4.04 
4.67 
4.62 
4.65 
3.87 
3.93 
3.90 
Fayette 21-4 18-24 1 
2 
Av. 
3.10 
3.06 
3.08 
4.44 
4.35 
4.39 
4.90 
4.95 
4.93 
4.12 
4.39 
4.26 
Marshall 24-3,4 12-24 1 
2 
Av. 
3.28 
3.10 
3.19 
4.01 
3.96 
3.99 
3.93 
3.82 
3.88 
3.13 
3.24 
3.19 
Marshall 24-5,7 24-42 1 
2 
Av. 
3.10 
3.14 
3.12 
3.77 
3.98 
3.88 
3.52 
3.57 
3.55 
3.05 
3.13 
3.09 
Monona 26-3,4 12-24 1 
2 
Av. 
3.45 
3.45 
3.45 
3.81 
3.82 
3.82 
3.21 
2.94 
3.08 
2.80 
2.69 
2.75 
Monona 26-5,7 24-42 1 
2 
Av. 
3.38 
3.34 
3.36 
3.88 
3.84 
3.86 
2.94 
2.64 
2.79 
2.70 
2.99 
2.85 
Marshall 27-3 12-18 1 
2 
Av. ' 
3.60 
3.56 
3:58 
3.94 
3.90 
3.92 
3.76 
3.88 
3.82 
3.02 
2.91 
2.97 
Marshall 27-5,7 24-42 1 
2 
Av. 
3.14 
3.20 
3.17 
3.49 
3.61 
3.55 
3.46 
3.16 
3.31 
2.76 
2.66 
2.71 
Marshall 28-3,4 12-24 1 
2 
Av. 
3.56 
3.51 
3.54 
3.36 
3.38 
3.37 
3.60 
3.43 
3.52 
2.76 
2.69 
2.73 
Marshall 29-4 18-24 1 
2 
Av, 
3.84 
3 71 
l . l l  
4.15 
A -14 
4.Ï5 
4.56 
4.53 
4.55 
3.43 
3.65 
3.54 
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Table A-8. (Continued) 
Soil 
Profile 
and 
horizon 
Composite 
sample N (%) K (%) 
series no. Depth no. -P +P -P +P 
Marshall 29-7 36-42 1 
2 
Av. 
3.52 
3.59 
3.56 
3.49 
3.54 
3.52 
4.53 
4.50 
4.52 
3.48 
3.46 
3.47 
Marshall 30-2,3 6-18 1 
2 
Av. 
3.49 
3.62 
3.56 
3.73 
3.70 
3.72 
5.38 
5.36 
5.37 
3.95 
3.87 
3.91 
Marshall 31-3 12-18 1 
2 
Av. 
3.64 
3.61 
3.63 
3.74 
3.49 
3.64 
4.48 
4.45 
4.47 
3.52 
3.30 
3.41 
Marshall 32-3 12-18 1 
2 
Av. 
3.50 
3.47 
3.49 
3.69 
3.48 
3.59 
3.63 
3.68 
3.65 
3.21 
2.77 
2.99 
Marshall 32-5,7 24-42 1 
2 
Av. 
3.45 
3.46 
3.46 
3.95 
3.78 
3.87 
3.02 
3.16 
3.09 
3.13 
3.02 
3.08 
Fayette 38-3 12-18 1 
2 
Av. 
3.76 
3.43 
3.60 
3.92 
3.86 
3.89 
5.58 
5.50 
5.54 
4.53 
4.92 
4.73 
Fayette 38-4 18-24 1 
2 
Av. 
3.08 
3.08 
3.08 
4.14 
4.10 
4.12 
5.42 
5.36 
5.39 
4.92 
5.03 
4.98 
Fayette 38-5 24-30 1 
2 
Av. i 
2.99 
2.94 
2.97 
4.16 
4.05 
4.11 
4.81 
5.14 
4.98 
4.55 
4.40 
4.48 
Fayette 38-6 30-36 1 
2 
Av. 
2.96 
2.97 
2.97 
4.21 
4.12 
4.17 
4.86 
4.83 
4.85 
4.17 
4.28 
4.22 
Fayette 38-7 36-42 1 
A 
Av# 
2.91 
2.92 
4.02 
3 95 
3.99 
4.70 
4.-59 
4.65 
3.54 
3.79 
3.66 
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Table A-8. (Continued) 
Soil 
Profile 
and 
horizon 
Composite 
sample N K (%> 
series no. Depth no. -P +P -P +P 
Alfalfa 
Marshall 11-4,5 18-30 1 
2 
Av. 
2.06 
2.00 
2.03 
2.41 
2.18 
2.30 
2.24 
2.20 
2.22 
1.51 
1.46 
1.48 
Marshall 24-3,4 12-24 1 
2 
Av. 
3.00 
2.96 
2.98 
2.78 
2.97 
2.88 
2.03 
1.95 
1.99 
1 29 
1.29 
1.29 
Monona 26-3,4 12^ 24 1 
2 
Av. 
3.14 
3.18 
3.16 
2.97 
2.85 
2.91 
2.26 
2.13 
2.20 
1.19 
1.21 
1.20 
Monona 26-5,7 24-42 1 
2 
Av. 
2.93 
2.78 
2.86 
3.07 
2.91 
2.99 
1.57 
1.60 
1.59 
1.05 
1.05 
1.05 
Marshall 27-5,7 24-42 1 
2 
Av. 
2.72 
2.52 
2.62 
2.85 
2.76 
2.81 
1.84 
1.76 
1.80 
1.21 
1.21 
1.21 
Marshall 28-3,4 12-24 1 
2 
Av. 
2.67 
2.51 
2.59 
1.94 
2.24 
2.09 
2.17 
2.20 
2.19 
1.27 
1,38 
1.32 
Marshall 30-2,3 6-18 1 
2 
Av. 
2.12 
2.14 
2.13 
2.83 
2.66 
2.75 
2^ 20 
2.15 
2.18 
1.74 
1.74 
1.74 
Marshall 32-5,7 24-42 1 
2 
Av. 
2.42 
2.87 
2.64 
2.61 
2.43 
2.52 
1.68 
1.81 
1.75 
1.05 
1.27 
1.16 
Fayette 38-3 12-18 1 
2 
Av. 
3.20 
2.61 
2.91 
2.60 
2.47 
2.54 
3.47 
3.35 
3.41 
2.31 
2.20 
2.26 
